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Resumo 

v 

 

Streptococcus agalactiae é a principal causa de pneumonia neonatal, sépsis e meningite. 

O clone hipervirulento III/ST17, tem sido associado à meningite neonatal de início tardio, tendo 

a atividade de DNases extracelulares e a formação de biofilmes sido apontados como fatores de 

virulência nessas estirpes. O objetivo da presente dissertação de doutoramento foi contribuir para 

a descodificação da base genómica de produção de DNases em estirpes de S. agalactiae, isoladas 

em humanos, com diferentes tropismos celulares (invasivo vs colonização). 

A produção diferencial de DNases de um conjunto de estirpes pertencentes às linhagens 

ST17 e ST19 foi investigada através da análise do “core-genome” e do “pan-genome”. As 

estirpes ST17, exceto uma, apresentaram atividade nucleásica contrariamente às estirpes ST19, 

em que apenas uma revelou um fenótipo DNase(+). A estirpe ST17 DNase(-) exibiu uma alteração 

aminoacídica exclusiva na proteína NucA e a presença de um homólogo do tranposão TnGBS2.3, 

para além de um fago intacto sem homologia em S. agalactiae. A estirpe ST19 DNase(+) revelou 

um aminoácido alterado na nuclease GBS0609. A análise transcriptómica permitiu avaliar os 

níveis de expressão génica, por categoria funcional, da estirpe de referência S. agalactiae 

NEM316, durante a fase exponencial de crescimento; a exposição ao DNA humano não induziu 

alterações no transcriptoma. 

Foram determinadas as condições ótimas para a formação de biofilmes em estirpes de S. 

agalactiae de ST17 e ST19, contribuindo para a padronização dos procedimentos experimentais 

do estudo de produção de biofilmes nesta espécie bacteriana. A digestão enzimática de biofilmes 

maduros, para as três estirpes mais produtoras de biofilmes, evidenciou que o componente 

predominante da matriz extracelular são as proteínas. 

Globalmente, a presente dissertação de doutoramento contribui para o conhecimento 

sobre a produção das DNases extracelulares e a capacidade de formação de biofilmes das 

linhagens ST17 e ST19 de S. agalactiae, providenciando novos dados genómicos e 

transcriptómicos. 
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Abstract 

vii 

 

Streptococcus agalactiae is the leading cause of neonatal pneumonia, sepsis, and 

meningitis. Strains III/ST17 emerged as a hypervirulent clone mostly associated with meningitis 

during late-onset disease. Production of extracellular DNases and biofilm formation have been 

proposed to explain the leading role of this clone in neonatal meningitis. The aim of this thesis 

was to shed some light on the genetic background of DNase production in S. agalactiae strains 

isolated in humans presenting diverse cell tropism (invasive vs carriage). 

Genomic approaches were used to decipher the molecular basis of the differential 

production of DNases, through the analysis of the “core-genome” and the “pan-genome” of ST17 

and ST19 strains. All ST17 strains, except one, displayed DNase activity which was observed in 

only one ST19 strain. ST17 DNase(-) revealed an exclusive amino acid change in NucA, a 

TnGBS2.3 homolog and an intact phage without homology in S. agalactiae. ST19 DNase(+) 

revealed an exclusive amino acid change alteration in nuclease GBS0609. A transcriptomic 

approach allowed the analysis of the level of expression, by functional category, of genes of S. 

agalactiae reference strain NEM316 at the exponential growth phase; exposure to human DNA 

did not affect the transcriptome. 

The optimal conditions for S. agalactiae biofilm assembly were determined for ST17 and 

ST19 strains, contributing to the standardization of experimental procedures, thus allowing the 

comparison of results between different laboratories. In addition, the enzymatic digestion of 

mature biofilms for the three strongest biofilm producers, evidenced that proteins were the 

predominant component of the extracellular polymeric matrix. 

Overall, the findings presented in this Ph.D. thesis may contribute for the knowledge on 

the production of extracellular DNases, and provide new insights into biofilm formation, 

genomics and transcriptomics for ST17 and ST19 S. agalactiae lineages. 
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Thesis Outline 
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The body of this Ph.D. dissertation is based on six chapters (listed below), including a 

general introduction (Chapter I) and a final overview (Chapter VI).  Four chapters (II-V) are 

presented as individual manuscripts. As Chapter II is a manuscript written in a review article 

format, the general introduction (Chapter I) contains only a succinct overview of the S. agalactiae 

biology. One of the manuscripts (Chapter V) has been published in a peer reviewed international 

journal; Chapter III and IV have been published as preprints; Chapters II and III were submitted 

for publication in peer reviewed international journals at the time this thesis was completed. The 

chapters are organized following a rational order considering the objectives delineated for this 

Ph.D. work. Furthermore, they do not perfectly reflect the chronological order of the events, as 

several studies were developed simultaneously. Briefly, each chapter includes the following 

contents: 

 

Chapter I – General Introduction 

This chapter consists in a general introduction that provides an overview of S. agalactiae, 

starting with a global description of the major aspects of the biology and taxonomy, and a brief 

summary of the historical background. The clinical relevance, preventive strategies, antibiotic 

resistance, molecular epidemiology and pathogenesis are also reviewed in this chapter. 

Furthermore, it includes a brief overview of S. agalactiae genomics and transcriptomics. Finally, 

the main objectives of this Ph.D. thesis are detailed and contextualized. 

 

Chapter II – Exploring the factors accounting for the epidemiologic success of Streptococcus 

agalactiae clone III/ST17 

This chapter consists in a review of the genomic characteristics of S. agalactiae 

underlying the main virulence factors that contribute to the epidemiological success of the 

III/ST17 clone. The specific contribution of extracellular DNases and biofilm formation for 

capsular type III/ST17 hypervirulence are also considered.  

Silvestre, I., Jordão L., Borrego M. J. Exploring the factors accounting for the 

epidemiologic success of Streptococcus agalactiae clone III/ST17 (submitted manuscript). 

 

Chapter III – Genomic insights on DNase production in Streptococcus agalactiae ST17 and 

ST19 strains. 

This chapter describes a comparative genomic analysis by Whole Genome Sequencing 

(WGS) of ST17 and ST19 S. agalactiae human strains with different cell tropism (invasive vs 

carriage) and diverse DNase production phenotypes. The study provides the identification of 

genomic features that potentially contribute to DNase activity although these data require further 

research to test their robustness, namely by evaluating S. agalactiae strains of different ST and 
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diverse DNase production phenotypes, in order to reach a better understanding of the pathways 

through which DNases contribute to S. agalactiae pathogenesis. 

Silvestre, I., A. Nunes, V. Borges, J. Isidro, C. Silva, L. Vieira, J. P. Gomes, and M. J. 

Borrego. 2020. Genomic insights on DNase production in Streptococcus agalactiae ST17 and 

ST19 strains. BioRxiv. DOI: 10.1101/2020.12.09.418327 

Silvestre, I., A. Nunes, V. Borges, J. Isidro, C. Silva, L. Vieira, M. J. Borrego, and J. P. 

Gomes. Genomic insights on DNase production in Streptococcus agalactiae ST17 and ST19 

strains (submitted manuscript). 

 

Chapter IV – Global gene expression analysis of Streptococcus agalactiae at exponential 

growth phase 

This chapter consists in a first in vitro attempt to systematize the expression levels of S. 

agalactiae reference strain NEM316 at the exponential growth phase by RNA-sequencing (RNA-

seq). Preliminary assays to understand whether direct human DNA exposure affects S. agalactiae 

gene expression evidenced no effect. 

This chapter corresponds to the following manuscript deposited in BioRxiv: Silvestre, I., 

V. Borges, S. Duarte, A. Nunes, R. Sobral, L. Vieira, J. P. Gomes, and M. J. Borrego. 2020. 

Global gene expression analysis of Streptococcus agalactiae at exponential growth phase. 

BioRxiv. DOI: 10.1101/2020.11.13.381939. 

 

Chapter V – Biofilm formation by ST17 and ST19 strains of Streptococcus agalactiae 

This chapter corresponds to the following published manuscript: Silvestre, I., M. J. 

Borrego, and L. Jordão. 2020. Biofilm formation by ST17 and ST19 strains of Streptococcus 

agalactiae. Research in Microbiology. 171(8):311-318. DOI: 10.1016/j.resmic.2020.08.001. The 

aim of this in vitro study was to evaluate the effects of three environmental factors (H+, glucose 

and human plasma) in biofilm formation, by carrier and invasive S. agalactiae strains of ST17 

and ST19, DNase producers and non-producers. The composition of the extracellular polymeric 

matrix was accessed for ST17 strains with the strongest biofilm production, and proteins were 

shown to be the predominant component. 

 

Chapter VI – Final overview, concluding remarks and future perspectives 

This chapter provides a global overview of the subjects addressed throughout the previous 

chapters, reviewing the main results and the conclusions achieved through this Ph.D. thesis. 

Unsolved questions that should be addressed in a future follow-up are also presented. 
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Considering the dissimilar layouts and in-text reference styles adopted by the different 

journals to which the manuscripts were submitted or published, all chapters are formatted in a 

unique style, and a single section of "References" is presented with references sequentially 

numbered according to the order in which they appear in the text. Of note, all abbreviations were 

also uniformized. Finally, supplementary data of each chapter is also compiled in a single section 

designated by “Supplementary Material”. Whenever it is impossible to present data in a printable 

format, a link to the online access is provided. 
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1. General Introduction 

 

1.1. Streptococcus spp. 

 

The first record of Streptococcus, although not named as such, occurred in 1683 in van 

Leeuwenhoek’s drawings of microscope images. However, the main entry of streptococci into 

history happened in 1879, when Louis Pasteur was studying puerperal fever, which was causing 

high mortality rates in maternity wards. Louis Pasteur found rounded granules (microorganisms) 

arranged in the form of chains or strings of beads in the body of diseased women. It was later 

recognized that these granules were the cause of infections contracted by those women after 

giving birth [1]. 

The term Streptococcus comes from the Greek strepto (twisted) and coccus (spherical). 

The earliest attempt to differentiate streptococci was probably made in 1903 by Shottmuller, who 

used blood agar to differentiate strains according to the type of hemolysis [2]. Streptococci could 

be then classified into β-hemolytic, α-hemolytic or γ-hemolytic depending on the erythrocyte’s 

hemolysis, that could be complete, partial, or not induced, respectively [3].  

Streptococci are spherical, ovoid or lancet-shaped (0.5 and 2 μm in diameter), Gram-

positive cocci (Figure 1.1), catalase negative, non-motile and non-spore forming. Since cellular 

division of Streptococcus spp. occurs along a single axis or plane, these bacteria grow in pairs or 

chains (Figure 1.1). After 18–24 h of incubation at 35–37 °C on blood agar, typically grayish-

white, smooth, glossy, and translucent colonies appear, with zones of α/β-hemolysis or 

no hemolysis. Some species require CO2 for initial isolation, but strains may lose this requirement 

in subculture [3-5]. 
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Figure 1.1 Electron micrograph of streptococci invading a human cell (reproduced from Quah et al., 
2017). 

 

In 1934, Rebecca Lancefield implemented the so-called ‘Lancefield scheme’ for 

streptococci classification [6], which groups streptococcal strains according to the carbohydrate 

composition of the antigens present in the cell wall [1-4, 7]. So far, thirteen different serological 

groups have been identified, out of which groups A, B, C, and G, Streptococcus pneumoniae, and 

streptococci of the viridans group are the most important regarding human health [7]. Thus, 

although various parameters and methods can be used to differentiate streptococci (e.g. colony 

size, hemolysis, fermentation ability and tolerance tests), agglutination tests to determine the 

Lancefield group remain an important routine technique for the identification of beta-hemolytic 

streptococci, because of their simplicity, rapidity, and specificity [8, 9]. Its widespread application 

is hindered by the fact that group-specific antigens for other species may be absent or shared 

between distinct taxa, and this constitutes a limitation of the methodology [1, 2, 7]. 

The availability of modern molecular techniques brought many changes to the taxonomy 

of the Streptococcus genus during the last decade; in fact, molecular methods such as 16S 

rRNA gene sequencing, multilocus sequence analysis (MLSA) and WGS analysis allowed to 

determine the taxonomic relationships between streptococcal species [7]. Based on 16S rRNA 

gene sequences, six groups of Streptococcus were defined: Anginosus, Pyogenic, Bovis, 

Salivarius, Mutans and Mitis, among which the pyogenic group included Streptococcus pyogenes, 

Streptococcus agalactiae, Streptococcus equi, Streptococcus dysgalactiae, Streptococcus uberis, 

and Streptococcus iniae [1]. Later, comparative genomic analyses of the genus Streptococcus 

indicated that there are two major evolutionary lineages, with Pyogenic, Bovis, Salivarius and 
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Mutans groups forming one population, while Mitis, Anginosus and unknown groups clustered 

into another (Figure 1.2) [10]. 

 

Figure 1.2 Phylogenomic tree of Streptococcus. Different color-coded branches denoted different species 
(reproduced from Gao et al., 2014). 

 

1.2. Streptococcus agalactiae 

 

S. agalactiae is equally referred to as group B Streptococcus (GBS) as it is the only 

streptococcal species harboring cell-wall-specific polysaccharide antigen of the Lancefield group 

B, which consists of repeated units of rhamnose, and is common to all S. agalactiae strains [11]. 

In most laboratories, diagnosis is based on colonies displaying typical S. agalactiae morphology 

that are subjected to latex agglutination tests to determine the presence of the Lancefield group B 

antigen. However, Streptococcus porcinus, which may be present in the genital tract of pregnant 

women, also grows on blood agar as β-hemolytic colonies and agglutinates with S. agalactiae 

latex agglutination tests. For this reason, the detection of beta-hemolytic colonies that are positive 

in S. agalactiae latex agglutination tests require further confirmation [9]. 

In recent years, several specific Polymerase Chain Reaction (PCR) assays have been 

developed for the detection of S. agalactiae colonization, employing different genes as targets; 
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the CAMP factor gene was the first to be used [9, 12]. The main advantage of PCR is the short 

time necessary to provide results regarding S. agalactiae colonization status at the point of 

delivery. However, even PCR testing could take too long, preventing the implementation of 

intrapartum antibiotic prophylaxis (IAP), as many women deliver within a few hours after hospital 

admission [9]. Currently, most of the nucleic acid amplification tests (NAATs) are incorporated 

into automated molecular platforms such as the BD MAXTM GBS system (Becton, Dickinson), 

the Smart Cycler® (Cepheid), and specially the Xpert® technology (Cepheid), which provides 

results in less than one hour. Nonetheless, in comparison with culture enrichment, PCR is 

considered to have lower sensitivity and to lacks to provide information on antibiotic 

susceptibility, which is required for all women reporting allergy to penicillin [9]. 

A correct and reliable species identification can be easily achieved through the 16S rRNA 

gene and sodA gene sequencing [9]; however, WGS is the gold standard for taxonomic purposes.  

 

1.2.1. Historical background 

 

S. agalactiae was recognized in 1920 as the etiologic agent of bovine mastitis and firstly 

identified in humans in 1935, by Lancefield and Hare, on vaginal secretions of asymptomatic 

women; accordingly, it was considered as a colonizing agent [13]. In 1938, Fry reported for the 

first time the presence of S. agalactiae in three fatal cases of puerperal sepsis in women [14].  

In the early 1960s, the association between colonization of the maternal genital tract by 

S. agalactiae and disease in the newborn was established [4, 15, 16]. Until 1965, occasional cases 

of severe S. agalactiae disease were reported but, during the 1970s, S. agalactiae came to be 

considered as the leading cause of septicemia and neonatal meningitis in geographically diverse 

regions [17-21]. S. agalactiae emerged as an important pathogen for humans, responsible for 

invasive infections during the first week of life of the newborn, with mortality rates of 20-50% 

[4, 11, 22-24]. An increase in the frequency of isolation of this microorganism from neonates was 

uncovered and S. agalactiae came to be considered as the most common cause of meningitis due 

to Gram-positive bacteria during the first three months of life, ranked second only to Escherichia 

coli as a cause of neonatal meningitis [18, 25]. 

  

1.2.2. Clinical Relevance 

 

S. agalactiae, a common inhabitant of the healthy human gastrointestinal and urogenital 

tract, is an opportunistic pathogen in animals and humans, being the leading cause of human 

neonatal pneumonia, sepsis and meningitis [26]. Annually, 2.7 million infants are estimated to 
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die due to perinatal health complications, of which at least 90,000 are due to invasive S. agalactiae 

disease [27, 28].  

The onset of S. agalactiae infections takes place usually within the first week of life, 

being designated as early-onset disease (EOD). During uterine life, the contamination of the 

amniotic fluid by S. agalactiae may occur due to the rupture or invasion of the membranes and 

subsequent colonization of the fetal respiratory tract. However, most infections occur during 

delivery through aspiration of infected amniotic fluid or direct contact with the colonized vaginal 

mucosa of the mother, causing pneumonia, sepsis and, less commonly, meningitis [4, 22, 29-31]. 

S. agalactiae infections may happen a little later, in infants aged over one week, with most 

infections becoming evident during the first three months of life, and causing late-onset disease 

(LOD) [22, 32]. In LOD, transmission of S. agalactiae occurs through horizontal transmission by 

maternal, nosocomial, or community sources, leading to bacteremia and meningitis [4, 22, 24, 33, 

34]; regardless of whether it is a consequence of EOD or LOD, meningitis in infants will surely 

induce significant cognitive or neurological sequelae [30, 35]. Thus, asymptomatic rectovaginal 

colonization among pregnant women is considered a public health problem, because it is 

recognized as the primary risk factor for disease development [22, 35]. S. agalactiae maternal 

colonization may be intermittent throughout pregnancy; overall, it was estimated at 18% [36], but 

varies worldwide, with rates from 10 to 30% in the United States of America (USA), 6.5% up to 

36% in Europe, 7.1% to 16% in Asia, 9.1 to 25.3% in Middle East, and 11.9 to 31.6% in Africa 

[37]. Other maternal risk factors for EOD include preterm delivery, prolonged (>18 h) rupture of 

membranes, intrapartum fever (>38 °C), young maternal age, EOD by S. agalactiae in previous 

delivery or maternal black race [15, 22-24, 38].  

During pregnancy, S. agalactiae may be responsible for urinary tract infection, 

chorioamnionitis, endometritis, sepsis, meningitis, septic pelvic thrombophlebitis, premature 

rupture of membranes, preterm births, low-birth-weight newborns or miscarriage [9, 15, 24, 30, 

39]. The risk of transmission in the case of maternal colonization was established at 30-70% and, 

of those colonized neonates, about 1-2% is expected to develop EOD [37]. A fatality rate of 2 to 

10% was estimated for EOD, and fatal outcomes seem to be more frequent among premature 

neonates [9]. The mortality rate for LOD is lower, but meningitis and subsequent sequelae are 

more frequently associated with LOD, rather than with EOD [9]. 

More recently, experts recognized the increasing impact of invasive S. agalactiae disease 

in adults, particularly in persons with chronic disabilities, the elderly and otherwise 

immunocompromised individuals, among who it causes bacteremia, urinary tract infection, 

endocarditis, skin and soft tissue infections, arthritis, pneumonia, osteomyelitis and, less 

frequently, meningitis [4, 22, 24, 30, 35, 40].  
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1.2.3. Prevention of neonatal infection 

 

The first reports showing that administering IAP to mothers who are colonized with S. 

agalactiae (and who are typically asymptomatic) reduces vertical transmission, and prevents S. 

agalactiae EOD, were published in the 1980s [9]. These findings led to the publication of the first 

guidelines in 1996 by the Centers for Disease Control and Prevention (CDC), later updated and 

republished in 2002 and in 2010 [22]. The screening for S. agalactiae by collecting lower vaginal 

and rectal swabs at 35-37 weeks of pregnancy and intrapartum treatment of pregnant carriers, 

came to be considered fundamental for the prevention of neonatal infection [9, 15, 24, 29, 41]. 

The successful administration of IAP and the treatment of severe S. agalactiae infections rely on 

efficient and reliable detection of S. agalactiae in clinical samples [9]. Because the correlation 

between isolation in the last trimester of pregnancy and the time of delivery is not clear (since 

colonization with S. agalactiae may be transient, intermittent or persistent), the timing of 

specimen collection is important [9, 15, 24, 29, 41]. A weak concordance between prenatal and 

intrapartum culture results could be attributed to the time of prenatal S. agalactiae screening, but 

also to laboratory methodologies and antibiotic usage [42].  

In Portugal, a national epidemiological survey performed between 2001 and 2005 

revealed an incidence of EOD of 0.44 per 1,000 live births and similar mortality rates for EOD 

and LOD [43]. Worldwide, the widespread implementation of CDC guidelines has resulted in 

significant reductions in the incidence of EOD (USA: from 1.7 to about 0.37 per 1,000 live births 

between 1993 and 2008, Spain: from 2.4 to 0.45 per 1,000 live births between 1996 and 2008) [9, 

22-24].  

In 2020, the American College of Obstetricians and Gynecologists (ACOG) provided a 

Committee Opinion with an update to the recommended prophylaxis and prevention strategies 

for women during pregnancy and labor. It proposes S. agalactiae universal screening at 36 weeks 

of gestation, providing a 5-week window for valid culture results up to the gestational age of 41 

weeks (likely reducing the reported incidence of discrepant antepartum culture results vs 

colonization at the time of birth) [38]. 

Nonetheless, IAP has no impact on LOD, which continues the leading cause of neonatal 

morbidity and mortality [24, 37, 44]. In addition, newborn exposure to antibiotics has been 

associated with alterations in the gut microbiome, leading to subsequent allergies, asthma and 

obesity [38]. Moreover, IAP can hardly be implemented in many low- and middle-income 

countries [26]. Thus, the development of vaccines was considered a priority by the World Health 

Organization (WHO), for maternal immunization against S. agalactiae, particularly in low- and 

middle-income countries [28].  
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1.2.4. Intravenous Antibiotic Prophylaxis Intrapartum 

 

S. agalactiae is sensitive to β-lactam antibiotics, especially to penicillin and ampicillin 

[15, 45]. Intravenous penicillin remains the treatment of choice for infections caused by S. 

agalactiae in adults [15, 38, 46], with ampicillin being considered an acceptable alternative [38]. 

The use of penicillin intrapartum relates to its effectiveness in transplacental passage and its low 

cost [15].  

For women reporting penicillin allergy and low risk of anaphylaxis, first-generation 

cephalosporins (i.e., cefazolin) are recommended [38]. Macrolides (erythromycin) and 

lincosamides (clindamycin) have also emerged as alternative therapies for patients allergic to 

penicillin [15, 38, 47]. However, rates of S. agalactiae resistance to erythromycin have been 

increasing (up to 44.8%) and, in addition, erythromycin may not reliably reach the amniotic fluid 

and fetal tissues; as such, the use of erythromycin is no longer recommended [22, 38]. Currently, 

for women allergic to penicillin with high risk of anaphylaxis, clindamycin administration is 

recommended, but antimicrobial testing is required to determine whether the S. agalactiae strain 

is susceptible to clindamycin or not [22, 38]. Thus, intravenous vancomycin remains the only 

pharmacokinetically and microbiologically validated option for IAP in women: a) who report a 

high-risk penicillin allergy; b) whose S. agalactiae strain is resistant to clindamycin; c) with 

unknown susceptibility to clindamycin and erythromycin [22, 38]. 

 

 

1.2.5. Antibiotic resistance 

 

The widespread use of IAP to prevent S. agalactiae EOD has raised concern about the 

development of antibiotic resistance, justifying the need to constantly monitor the S. agalactiae 

susceptibility patterns to antimicrobials [22, 30, 45, 48]. The metabolic features underlying 

resistance to antibiotics in S. agalactiae include antibiotic inactivation (by enzymes), efflux 

pumps (cell antibiotic expelling before it reaches its target and produces an effect), and 

modification of the antimicrobial agent binding site (i.e. by acquisition of genetic material, 

deletion, or mutations) [49, 50]. 

While the proportion of isolates resistant to erythromycin and clindamycin has increased 

in recent years [51], cases of resistance to penicillin or ampicillin have not been described; 

nonetheless, some S. agalactiae isolates exhibit reduced susceptibility to penicillin and ampicillin 

[22, 46, 52-54]. In Portugal, an increasing rate of S. agalactiae resistance to macrolides was 

detected in a study carried out between 2009 and 2015 (35.1% and 33.9%, respectively) [55]. The 
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resistance to macrolides occurs primarily through an efflux mechanism, mediated by a macrolide 

efflux protein encoded by mefA/mefE genes [56, 57], the so-called M phenotype [47]. Another 

resistance mechanism is a ribosomal modification mediated by an erythromycin ribosome 

methylase encoded by ermA (subclass ermTR) and ermB genes [56,57]. This modification consists 

in the methylation of the 23S rRNA region that alters the binding-target for the antibiotic, leading 

to a MLSB phenotype and to a cross-resistance to macrolides, lincosamides and streptogramin B 

[47, 58]. This resistance can be expressed constitutively (cMLSB, constitutive macrolide-

lincosamide-streptogramin B resistance) or induced by erythromycin (iMLSB, inducible 

macrolide-lincosamide-streptogramin B resistance) [47, 56, 57, 59, 60]. Other genes, like msr(D), 

could contribute for the expression of erythromycin resistance. Studies carried out in 

pneumococci demonstrated that mef and msr(D) are cotranscribed, suggesting that the proteins 

encoded by the two genes may act as a dual efflux system, inducible by erythromycin. However, 

it has also been suggested that the efflux system encoded by msr(D) is capable to function 

independently of the one encoded by mef [61].  

The first vancomycin-resistant S. agalactiae strain was described in 2013. Vancomycin 

and other glycopeptides bind to D-alanine-D-alanine termini of peptidoglycan precursors, which 

prevents transglycosylation and transpeptidation reactions of peptidoglycan synthesis. 

Vancomycin resistance is conferred by the vanG operon through the synthesis of peptidoglycan 

precursors with C-terminal D-alanine-D-serine residues that have low affinity towards 

vancomycin. The collective observations made from S. agalactiae strains resistant to vancomycin 

revealed a specific hot spot for insertional elements that is conserved between streptococci and 

other Gram-positive species; these strains potentially represent a S. agalactiae lineage that is 

predisposed to insertion of vanG elements [62, 63].  

Fluoroquinolones emerged as an important alternative for the treatment of adult S. 

agalactiae infections [64]. However, S. agalactiae strains that are highly resistant to 

fluoroquinolones have been reported in different geographical locations [65, 66, 67]. 

Fluoroquinolones inhibit bacterial growth primarily by binding to enzymes involved in DNA 

replication, DNA gyrase and DNA topoisomerase IV. Specific mutations found in a region 

(quinolone resistance-determining region) of the par and gyr genes alter the amino acid 

composition of these enzymes and result in decreased binding and activity [66]. 

Finally, although tetracycline is not used to treat S. agalactiae infections, high rates (> 

80%) of tetracycline resistant S. agalactiae strains have been described [55, 68-70], mostly 

associated with the tet(M) gene, despite tet(O) and tet(L) have also been identified [55, 69, 70]. 

The resistance to tetracycline can be the result of an efflux mechanism (mediated by tet(K) and 

tet(L) genes), protection of the ribosomal binding site (mediated by tetM and tetO genes) or 

changes in the permeability of the cell envelope that reduce the drug uptake [71]. 
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1.2.6. Molecular Epidemiology 

 

The S. agalactiae capsular polysaccharide (CPS, type-specific capsular polysaccharide) 

has been used to differentiate S. agalactiae strains by serotyping, particularly in epidemiological 

studies [72, 73]. The structure of the capsular polysaccharide of S. agalactiae is determined by 

the cps locus, which encodes for enzymes responsible for the synthesis of polysaccharides, 

recognized by precipitation methods or latex agglutination [73-76]. Thus, serotyping allowed 

classification of S. agalactiae strains in capsular polysaccharide-based serotypes Ia, Ib and II to 

IX [9, 32, 77, 78]. However, there are some non-typeable strains (NT), which probably do not 

express the capsular polysaccharide due to insertions or mutations in the capsular genes [76, 79-

81]. 

Amplification and sequencing of the S. agalactiae cps cluster allowed to determine the 

correlation between capsular serotypes and genotypes and, although some strains remain NT by 

molecular genotyping, this methodology reduced the number of NT strains [76, 79]. Molecular 

genotyping is highly reproducible and discriminatory, resolving capsular-serotyping 

discrepancies and identifying new genotypes [79, 82]. The cps cluster comprises cpsA-O, cpsR, 

cpsS, cpsY genes, which exist and are conserved in most of the strains. However, cpsG-K genes 

are highly variable in genotypes Ia, Ib and II to VII, while cpsE-cpsK genes are variable in the 

genotype VIII [83, 84]. 

Capsular-type distribution varies by geographic region and ethnic origin [37, 57, 79, 85]; 

in fact, Ia, Ib, II, III, and V are often associated with colonization in the USA and Europe [37] 

while VI and VIII were identified as the most prevalent among pregnant women in Japan [15, 37, 

79, 81, 86]. In Portugal, capsular-types Ia, III and V were identified as the most frequent in 

asymptomatic colonization [32, 87, 88] while the Ia and III were more frequent in cases of 

invasive disease [88]. Capsular-types VIII and IX were recently identified in Portugal among 

neonatal invasive disease cases, suggesting their recent introduction in the country [32, 55]; 

however, S. agalactiae capsular-type IX was first reported back in 2007, in Denmark [76]. 

S. agalactiae capsular-type III is considered the most dominant invasive clone worldwide, 

being responsible for most cases of neonatal meningitis [36, 37, 44, 85, 87, 89, 90], while 

capsular-types Ia [37] and V are more common in non-pregnant adults [36-37, 57]. Capsular-type 

IV has become more frequent and has been considered as an emerging pathogen for neonates and 

adults similarly to type V in the 1990s; curiously, association of capsular-type IV with HIV 

infections has been reported [87, 91-97]. In Portugal, a remarkable increase in capsular-type IV 

frequency has been observed, from 1% in 2006 to 20% in 2012, ranking it as the second most 

detected capsular-type in 2012 [87].  
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Multilocus sequence typing (MLST) contributes for the recognition of genetic lineages 

within capsular types that were shown to differ in virulence and tropism [98, 99]. The MLST 

methodology has been used in the molecular characterization of S. agalactiae strains allowing to 

define the population structure by identifying genetic lineages [99, 100]. In S. agalactiae, MLST 

is a typing method involving the sequencing of fragments with approximately 500 base pairs 

(bps), of seven housekeeping genes (adhP, pheS, atr, glnA, sdhA, glcK, tkt) which belong to the 

stable "core" of the bacterial genome ("core-genome") [96, 99, 100]. The combination of these 

seven loci alleles assigns each strain with a single allelic profile or sequence type (ST). The 

criterion for grouping different STs in a clonal complex (CC) is based on the number of alleles 

shared by several STs [99, 101]. One ST can include strains from different capsular-types. For 

this reason, it is assumed that the genes that encode the enzymes for the capsular biosynthesis in 

S. agalactiae are subjected to relatively frequent horizontal transfer, as described for S. 

pneumoniae [74, 96, 99, 100]. 

With the availability of MLST, it became clear that S. agalactiae strains of certain CCs 

possess a higher potential to cause invasive disease, while other CCs harbor mainly colonizing 

strains [37]. MLST of S. agalactiae isolated from different countries showed that most human 

carriage and invasive strains cluster into only five major CCs (CC1, CC10, CC17, CC19 and 

CC23); a sixth CC, CC26, is common in African countries [69]. The dominance of strains 

belonging to CCs 1, 19 and 23 among asymptomatic pregnant woman has been consistently 

reported; CC1 is also related with adult invasive infection [37]. S. agalactiae CC17 is the 

prototype of an emerging clone that successfully spread worldwide; in fact, the increased 

prevalence of neonatal invasive infection observed from the 1960s was strongly associated with 

this hypervirulent clone, almost exclusively composed by capsular-type III strains [90, 102, 103].  

Genotypic tools such as CRISPR (clustered regularly interspaced short palindromic 

repeats) have been described in S. agalactiae and allow a fine characterization of the S. agalactiae 

population structure [104, 105].  

 

1.2.7. Pathogenesis 

 

S. agalactiae colonization and persistence in different host niches relies on the adherence 

capacity (via adhesins) to host cells, stress response mechanisms, defenses against other 

microorganisms, and immune evasion strategies [34, 37, 106, 107]. The factors mediating S. 

agalactiae transition from commensal to invasive pathogen – resulting in sepsis or meningitis – 

are not well understood, but they should derive from both the bacteria and the host [106].  
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S. agalactiae ability to adhere to host cells and extracellular matrix proteins (ECM), such 

as collagen, fibrinogen, fibronectin and laminin, were revealed to be crucial for both colonization 

and invasion of host barriers [34, 37, 106]. To mediate adherence to ECM and host cell surface, 

S. agalactiae expresses several surface-associated protein families including sets of cell wall-

anchored (CWA) proteins, lipoproteins, and a variety of secreted proteins [108]. Adhesins 

facilitate persistence and intimate contacts between the bacterium and the host. S. agalactiae has 

many mechanisms to adapt and survive in its host and these mechanisms are often controlled via 

two-component signal transduction system (TCS), mediating the transition to invasive infections 

[37, 109]. In fact, 17-21 TCS critical to control virulence, adherence, resistance to host defenses, 

and bacterial metabolism were identified in S. agalactiae [110]. This suggests that S. agalactiae 

strains have a higher capacity to respond to a multitude of environment conditions, than other 

important human streptococcal pathogens, like S. pneumoniae (~14 TCS) and S. pyogenes (~13 

TCS). The ability of S. agalactiae to survive whether in the acidic vaginal environment or within 

the blood should be largely mediated by the two-component regulator CovR/S, which is 

considered to regulate ~27% of the entire genome [37, 107, 110]. CovR/S seems to impact on 

virulence gene expression, including downregulation of fibrinogen-binding proteins (Fbs), 

multiple non-pilus adherence factors, genes involved in iron uptake, and the cyl operon implicated 

in production of the β-hemolysin/cytolysin (β-H/C) toxin and the antioxidant carotenoid pigment 

[34].  

 

1.2.8. Genomics and transcriptomics 

 

WGS analysis was applied to study S. agalactiae evolution as well as phylogenetic 

relationships between isolates from various hosts and sources [70]. The first S. agalactiae 

sequenced genomes were from NEM316 (III/ST23) and 2603V/R (V/ST110) [11, 111], followed 

by six additional human strains, namely COH1 (III/ST17) [112]. Actually, more than one hundred 

human S. agalactiae complete genomes are available (https://www.ncbi.nlm.nih.gov/genome/). 

The analysis of S. agalactiae genomes have shown a similar size (~ 2 Mbp), number of genes per 

strain (~ 2000 predicted coding regions), and GC content (~ 35%).  

The identification of several new genes per sequenced genome reflects the genomic 

diversity of S. agalactiae (open pan-genome) [11, 111, 112]. S. agalactiae strains may be 

considered as displaying a pan-genome that consists in a core-genome shared by all strains 

(representing 80% of the genome) and a specific acessory-genome of each strain [11, 111, 112]. 

Many of these acquired specific genes have been associated with mobile elements, including 

bacteriophages, transposons and insertion sequences [111]. The acquired genes tend to locate in 
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chromosomic regions of the accessory-genome called genomic islands of pathogenicity, and 

contribute to S. agalactiae genetic diversity and adaptation to specific ecological niches, 

impacting on the emergence of this bacterium as an important pathogenic agent [111, 112]. 

Comparative genomic analysis has shown great similarity between the genomes of S. agalactiae 

and other streptococci, namely S. pyogenes and S. pneumoniae, supporting the possibility of 

acquisition of virulence traits from other species [111-113].  

The transcriptome analysis is a comprehensive approach to the analysis of all the RNA 

transcripts in a specific physiological condition, playing an important role in the detection of gene 

expression and transcriptional regulation [114]. The understanding of bacterial transcription has 

greatly advanced due to microarrays, which quantify a set of predetermined sequences, and RNA-

seq, which uses high throughput sequencing to captures all sequences [115]. RNA-seq allows for 

differential-expression analysis and it can also help to infer the functions of previously 

unannotated genes. RNA-seq technology has been successfully applied to clarify some molecular 

mechanisms underlying pathogenesis in S. agalactiae [110, 116-121], like the adaptation to the 

bovine environment or the survival in human whole blood [116, 120]; however, the transcriptional 

networks that coordinate the expression of genes involved in host colonization, virulence, or 

response to different host environments, remain largely unknown [117, 118]. 
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1.3. Objectives 

 

The major goal of this thesis was to shed some light on the genetic background that 

supports the production of extracellular DNases by S. agalactiae strains from different clinical 

scenarios, and to study their functional role during the initial steps of pathogenesis, namely on the 

production of biofilms. In order to achieve this objective, we carried out several studies. 

 

In detail, the following objectives were pursued, and constitute the subject of each 

chapter: 

 

i) Phenotypic characterization regarding extracellular DNase production and 

genomic characterization through WGS of ST17 and ST19 S. agalactiae strains (n=33) from 

human origin, with different cell tropism (invasive vs carriage). The clinical strains were selected 

among an enlarged set involving the collections of the Portuguese National Institute of Health 

(Instituto Nacional de Saúde Doutor Ricardo Jorge, INSA, IP) and the Institute of Medical 

Microbiology and Hygiene (IMMH), Ulm University, Germany; 

 

ii) In vitro determination of the expression levels of S. agalactiae reference strain 

NEM316 during the exponential phase of growth with no inflicted environmental stress. In 

addition, disclosure of genes that are up and downregulated upon incubation with (vs without) 

human DNA (used to mimic a NET environment); 

 

iii) Evaluation of the in vitro effects of three environmental factors (H+, glucose and 

human plasma) in biofilm formation, by carrier and invasive S. agalactiae strains belonging to 

ST17 and ST19, including DNase producers and non-producers. The composition of the 

extracellular polymeric matrix was also accessed for ST17 strains with the strongest biofilm 

production phenotype. 
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Abstract 

 

Streptococcus agalactiae remains an important etiological agent of several infectious 

diseases including neonatal septicemia, pneumonia and meningitis. Although the transition from 

colonization to invasive infection is not fully understood, the first step in S. agalactiae disease is 

adhesion to host cell surface. S. agalactiae expresses a variety of surface-associated and a variety 

of secreted proteins. Molecular evolution and new genotypic tools have provided insights into the 

population structure and epidemiology of human S. agalactiae; it became clear that S. agalactiae 

strains of certain clonal complexes possess a higher potential to cause invasive disease. Serotype 

III/ST17 emerged as a hypervirulent clone mostly associated with meningitis in late-onset disease. 

DNase production and biofilm formation were proposed to explain the leading role of S. 

agalactiae III/ST17 clone. This clone is characterized by the presence of specific gene sets (Srr2, 

HvgA, Rib, PI-1/PI-2b) and stability among neonatal invasive disease, suggesting that it is well 

adapted to host environment. However, the emergence of a highly resistance sublineage within S. 

agalactiae III/ST17 clone highlights the role of horizontal genetic transfer in S. agalactiae 

genome evolution. The emergence of serotype IV with the acquisition of the HvgA adhesin, as 

result of capsular switching in ST17 strains, is also a cause of concern. Consequently, a genotypic 

surveillance of S. agalactiae strains and the development of novel preventive strategies are 

crucial. Here, we propose to revise S. agalactiae genome characteristics and the main virulence 

factors that contribute to the epidemiological success of clone III/ST17. 
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2.1. Introduction 

 

Streptococcus agalactiae is a common inhabitant of the healthy human gut and urogenital 

tract, but also an opportunistic pathogen in animals and humans, being the leading cause of human 

neonatal pneumonia, sepsis, and meningitis [26]. An estimated 2.7 million infants die annually 

due to perinatal health complications, including at least 90,000 due to invasive S. agalactiae 

disease [27, 28]. This pathogenicity is due to an arsenal of virulence factors that promote 

colonization, persistence, and onset of invasive infections [37].  

S. agalactiae infections usually occur within the first week of life, being designated as 

EOD. Most infections occur during delivery through aspiration of infected amniotic fluid or direct 

contact with the colonized vaginal mucosa of the mother, which translates into pneumonia, sepsis 

and, less commonly, meningitis [4, 22, 29-31]. LOD develops in infants aged >1 week, with most 

infections becoming evident during the first 3 months of life [22, 32]. After delivery, transmission 

of S. agalactiae to the neonate may occur through horizontal transmission by maternal, 

nosocomial, or community sources, giving rise to LOD, characterized by bacteremia and 

meningitis in a high percentage of cases [4, 22, 24, 33, 34].  

The precise and unequivocal characterization of S. agalactiae strains would be a valuable 

tool to evaluate streptococcal infections. To achieve this, the method of MLST seems to be 

discriminatory enough for epidemiological studies, being the standard method to portray S. 

agalactiae clonal population structure providing high intra- and interlaboratory reproducibility 

[92, 99, 122]. In fact, MLST has been used to determine S. agalactiae evolutionary relationships 

and genetic profiles from different geographic areas, clinical origins, hosts and outbreaks. A ST 

is defined based on the sequencing and analysis of the internal portion of seven selected S. 

agalactiae housekeeping genes (adhP, pheS, atr, glnA, sdhA, glcK, tkt) from the core genome 

[99]. The combination of seven loci alleles assigns a specific single allelic profile or ST. The 

criterion to group different STs in a CC is based on the same number of alleles shared between 

the several STs [99, 101]. Until now, 1650 STs have been defined for S. agalactiae 

(https://pubmlst.org/sagalactiae/, accessed at 24-09-2020). Strains belonging to ST17 are 

considered to account for more than 80% of S. agalactiae LOD cases, and often, but not 

exclusively, are associated with meningitis, supporting the idea that this clone has a particular 

ability to invade the central nervous system of neonates [37]. As such, ST17 strains should exhibit 

pathogenic dissimilarities in relation to other genetic lineages, namely ST19, which have been 

associated with colonization [88].  

Here, we propose to revise the main virulence factors and the genomic characteristics of 

S. agalactiae that contribute to the epidemiological success of some clones, particularly regarding 

the major pathogenic clone III/ST17. 
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2.2. S. agalactiae hypervirulent clone III/ST17  

 

Genome sequencing has provided new insights into the population structure and 

epidemiology of S. agalactiae in humans. The concept of open pan-genome in S. agalactiae was 

established since Tettelin et al. [112] identified several new specific genes per genome sequenced, 

reflecting their genomic diversity. In fact, it has been hypothesized that the emergence of S. 

agalactiae hypervirulent clones can be a result of horizontal gene transfer events, which play a 

significant role in genome evolution of S. agalactiae [11, 68]. In the case of mastitis, the exchange 

of genetic material between the different species that infect the udder (e.g. S. uberis, S. 

dysgalactiae ssp. dysgalactiae and Staphylococcus aureus) might have result in the incorporation 

of virulence factors (namely inducing antibiotic resistance) into the genome and facilitated S. 

agalactiae adaptation to the host [111, 113]. As such, Gori et al. [107] recently hypothesized that 

S. agalactiae strains infecting humans may have emerged from an original ancestral strain 

infecting animals before crossing to humans. 

Decades of investigation have uncovered a remarkable association of S. agalactiae 

hypervirulent clone III/ST17 with an increased ability to cause neonatal invasive disease, 

particularly meningitis, among LOD cases [32, 68, 123, 124]. It was hypothesized that the 

acquisition of the integrative and conjugative elements (ICEs) Tn916 and Tn5801, harboring the 

tetracycline resistance determinant tetM, led to the expansion of S. agalactiae clones causing 

human disease, namely CC17 clones, contributing to the increase of neonatal infections [68, 69, 

123]. However, how the evolution of hypervirulent ST17 strains provided their unique ability to 

colonize and infect the human host remains unknown [123]. The stability and dominance of clone 

III/ST17 among neonatal invasive infections in the past decades indicates an extremely good 

adaptation to its niche [32]. Indeed, a limited variation in the core genome of CC17 strains (due 

to recombination) has been reported [68, 69].  

The hypervirulent clone III/ST17 has been the focus of genetic and functional studies that 

identified some of its unique virulence traits, which will be summarized under the following 

headings. Although it is likely that more than one virulence determinant contributes to the 

hypervirulence of this ST, the virulence arsenal of ST17 strains has been partially deciphered, 

linking the β-H/C, serine-rich repeat (Srr) proteins, hypervirulent adhesin (HvgA), protein Rib 

and pili, with hypervirulence [34, 107, 125]. Accordingly, strains of this genetic lineage are 

characterized by the presence of specific gene sets, such as Srr2, HvgA, Rib, PI-1/PI-2b [32, 68].  

Correlation of S. agalactiae invasiveness with DNase activity and biofilm formation have 

also been proposed to explain the leading role of ST17 strains in neonatal meningitis, as capsular 

type III/ST17 isolates have been shown to be the main biofilm producers among S. agalactiae 

strains [126-128].  
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2.2.1. Capsular polysaccharide, CPS 

 

CPS is one of the most important virulence factors involved in bacteria persistence and 

survival within the host [37, 106]. S. agalactiae cell wall is composed of a peptidoglycan-rich 

layer that serves as a molecular scaffold for anchoring type-specific CPS and surface proteins 

[110]. CPS mimicry of the host carbohydrate epitopes has been pointed as a facilitator for evasion 

from the host immune system [37, 106]. During infection, S. agalactiae differential infectious 

capabilities (control of CPS amount, adherence and invasion fitness), should be conferred by up- 

and downregulation of CPS [106, 129]; however, the understanding of gene regulation by the cps 

operon is limited. CPS is a primary antigen for host recognition, that interfers with the 

complement-dependent defense pathways, diminishes the phagocytic function of neutrophils, 

facilitates bacterial internalization and intracellular survival and mediate biofilm formation of S. 

agalactiae in the presence of human plasma [37, 106, 110, 130]. The structure of the CPS of S. 

agalactiae is determined by the cps locus genes that encode enzymes responsible for the synthesis 

of polysaccharides, allowing the classification of S. agalactiae strains into capsular 

polysaccharide-based serotypes Ia, Ib and II to IX [9, 32, 77, 78]. S. agalactiae capsular-type III 

is considered the dominant invasive clone worldwide, being responsible for most cases of 

neonatal meningitis [36, 37, 44, 85, 87, 89, 90], with a significant percentage of EOD cases, and 

the majority of LOD [11].  

Capsular switching is an important recombination event that occurs through the 

conjugative transfer of large genomic regions, and has a major role in the diversification of S. 

agalactiae lineages [69]. Capsular type/ST associations have been detected for both colonizing 

and invasive S. agalactiae strains, for example: Ia/ST23; III/ST17; III/ST19; IV/ST196; V/ST1 

[69, 131]. The invasive characteristics of capsular type IV strains may result from capsular 

switching in ST17 strains accompanied by the acquisition of the HvgA adhesion factor that was 

primarily isolated from hypervirulent ST17 capsular type III strains [37, 87, 90, 132]. 

Interestingly, capsular type IV might possess relevant genetic features that increase the probability 

of its involvement in genetic recombination events (supported by the detection of capsular type 

IV strains with different genetic backgrounds), and this characteristic has been related to an 

increase of this capsular type [37, 90].  

An ongoing emergence of novel virulent S. agalactiae clones justifies a continuous 

epidemiological surveillance [37]. If a putative CPS-based vaccine is developed, this could exert 

selective pressure over virulent genotypes to switch capsules and escape from vaccine coverage, 

compromising the success of CPS-based S. agalactiae vaccines [90].  
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2.2.2. β-hemolysin/cytolysin, β-H/C 

 

Hemolytic activity of S. agalactiae is due to the ornithine rhamnolipid pigment which is 

produced by the genes of the cyl operon [133, 134, 135]. β-H/C was shown to contribute to S. 

agalactiae colonization and penetration of the chorioamniotic membranes of human placenta by 

inducing loss of the barrier function in human amniotic epithelial cells [106, 133, 134]. In 2013, 

hyper-hemolytic S. agalactiae strains were isolated from either the amniotic fluid or 

chorioamniotic membranes of women in preterm labor; as such, hyper-hemolytic strains seem to 

be proficient in disrupting the amniotic barrier and in penetrating placental membranes [133]. 

Hemolytic activity of S. agalactiae also induces a strong immune response, namely through the 

formation of Neutrophils Extracellular Traps (NETs) in chorioamniotic membranes (nonhuman 

primates/murine models of colonization), which play an important role in pathogenesis [133, 134, 

136]. NETs consist of nuclear or mitochondrial DNA, as a backbone, with embedded 

antimicrobial peptides, histones and cell-specific proteases, providing an extracellular matrix to 

entrap and kill microbes when released by activated neutrophils at sites of infection [136-138]. S. 

agalactiae strains seem resistant to the antimicrobial activity of NETs, likely through increased 

pigment-mediated antioxidant activity [134, 136]. Thus, hemolysin appear as an important S. 

agalactiae virulence factor, and strains lacking pigment and hemolysin production are often 

thought to be virulence attenuated [9, 139]. However, there are reports contradicting this 

hypothesis; e.g. 1) a nonhemolytic hypervirulent S. agalactiae strain isolated from a septic 

neonate [140], and 2) S. agalactiae strains of the hypervirulent clone III/ST17 exhibiting very 

low levels of hemolysis [9, 141]. A possible explanation for these observations would be the lack 

of correlation between β-H/C production in vitro and in vivo [9]. 

 

2.2.3. Fibrinogen-binding proteins, Fbs 

 

Five fibrinogen-binding proteins (Fbs) have been characterized in S. agalactiae: FbsA, 

FbsB, FbsC (or BsaB), Srr1 and Srr2. Fbs mediate the interaction of S. agalactiae with fibrinogen, 

an abundant protein present in human blood [142]. In general, invasive S. agalactiae isolates seem 

to display stronger fibrinogen-binding affinity in comparison to colonizing strains [37]. FbsA and 

FbsC promote S. agalactiae vaginal colonization due to their ability to adhere to human epithelial 

cells. FbsC mediates biofilm formation, as its binding to other commensal microbes in the 

gastrointestinal and/or vaginal tract could facilitate vaginal colonization. FbsC might also mediate 

S. agalactiae dissemination as deletion of FbsC was shown to induce a drastic reduction in strain 

ability of adherence, invasion of human brain endothelial cells and biofilm formation [37, 143]. 

FbsB is considered important for S. agalactiae dissemination by promoting bacterial invasion of 
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human epithelial cells [37, 106, 108]. Although FbsA and FbsB are both expressed in the S. 

agalactiae III/ST17 clone, the fibrinogen-binding abilities of the hypervirulent ST17 clone are 

mainly attributable to FbsB [37, 144]. S. agalactiae clone III/ST17 lacks FbsC [37, 68, 123, 125, 

145], as fbsC gene is not adequately expressed due to a lineage-dependent frameshift mutation 

[37]. Srr1 and Srr2 were related to S. agalactiae adaptation and host specificity [68], as the 

bacterium expresses either Srr1 or Srr2 on its surface [125]. Srr1 binds to host ECM, stimulating 

the disruption of the blood brain barrier (BBB), and thereby enhancing meningitis. Binding of 

Srr1 to fibrinogen seems to be vital for the bacterium adherence to the endothelium of brain 

vessels, which should occur prior to the development of meningitis [125, 146]. Srr2 promotes S. 

agalactiae attachment to endothelial cells and evidence great affinity for fibrinogen, which may 

contribute to the increased virulence associated with Srr2-expressing strains [125, 145]. Srr2 is 

exclusively detected and highly expressed in ST17, promoting virulence, whereas Srr1 is absent 

in strains from this ST [37, 125]. 

 

2.2.4. Hypervirulent adhesin, HvgA 

 

HvgA, a cell-wall anchored surface protein, is a critical virulence trait of S. agalactiae in 

neonatal invasive infection. S. agalactiae strains that express HvgA adhere more efficiently to 

several cell lines, including intestinal epithelial cells and microvascular endothelial cells of the 

BBB. Thus, HvgA seems to contribute not only to colonization but, more importantly, to the 

invasion characteristics of hypervirulent clones. Accordingly, all S. agalactiae strains of the 

hypervirulent clone III/ST17 possess HvgA, which is exclusively expressed by CC17 strains.  

HvgA should confer an enhanced ability for strains to attach to endothelial and epithelial cell lines 

and thus, to cross BBB in neonates [37, 108, 145, 147]. However, the host receptor for HvgA 

remains to be elucidated [37, 108, 125, 145, 147].  

 

2.2.5. Alpha-like family surface proteins, Alp 

 

Protein Rib is one of the members of the Alpha-like family surface proteins (Alp) together 

with Alpha C, Epsilon (Alp1), Alp2, Alp3 and Alp4. These six proteins are encoded by mosaic 

genes, for which recombination occurs at the same chromosomal locus, and are characterized by 

long tandem repeat sequences, whose number of repetitions should have implications for 

recognition by the host immune system. In fact, it was demonstrated that, during the course of 

infection, the number of repetitions might suffer internal changes, by deletion events, changing 

the interaction with the host, and thus mediating invasion [148, 149]. Alp genes have been 

proposed to belong to horizontally transferred genomic islands. Inter-strain transfer of Alp genes 
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or gene domains in combination with homologous recombination could explain the broad 

distribution of these genes among S. agalactiae strains, and justify the structural characteristics 

of the Alp family in terms of mosaicism and immunological properties [150-152]. Nevertheless, 

the high similarity between the sequences of the different Alp could substantiate the 

immunological cross-reactivity between different Alp, providing cross-protective immunity, 

which could be of importance for the development of a vaccine [152].  

Regarding ST17 strains, these only carry the Rib protein. Rib should contribute to the 

virulence potential of ST17 strains, but it also induces protective immunity [123]. A reduction in 

Rib expression or strains with a smaller Rib were proposed to be more fitted to escape from 

maternal antibodies, representing a selective advantage to cause neonatal disease [123, 153].  

 

2.2.6. Pili 

 

Pili, cell-wall anchored long filamentous structures extending from the bacterial surface, 

have been described for several Gram-positive microorganisms [37, 108]. Three genetic pilus 

islands (PI), PI-1, PI-2a, and PI-2b have been identified in S. agalactiae, that encode distinct pilus 

structures, which mediate specific interactions with host cells [37, 68]; at least one variant or a 

combination of two PI seem to be present in all S. agalactiae isolates [37]. PI consist of five genes 

that encode for pilus assembly: pilus backbone protein, two ancillary proteins, and two sortase 

proteins [154]. PI-1 pili do not appear to contribute to bacterial adhesion to the lung, vaginal or 

cervical epithelial cells but were found to play an important role in evasion from host innate 

immunity, diminishing by half S. agalactiae killing by macrophages [37, 155]. PI-2a pili seem to 

be specifically involved in adhesion and biofilm formation [37, 156, 157]. PI-2b protein was 

demonstrated to increase the intracellular survival in macrophages, and has been suggested to 

promote strain invasiveness and interaction with the host cell, displaying an important role on the 

infectious process, namely on the BBB penetration [37, 158]. PI-2b pilus variants are almost 

exclusively present in S. agalactiae bovine isolates, as bovine strains mostly lack PI-1 [37, 68]. 

A strong association between PI and capsular type has been reported [159]. Human S. agalactiae 

strains causing invasive neonatal disease, including all III/ST17, harbor PI-1 plus PI-2b [32, 37, 

68, 154]; however, the loss of PI-1 was described in human strains of the CC17 [32, 68, 160, 161]. 

Martins et al. [32] identified, for the first time in Europe, an emerging sublineage characterized 

by the loss of PI-1 (CC17/PI-2b), simultaneously resistant to macrolides, lincosamides and 

tetracycline, and exhibiting high-level resistance to streptomycin and kanamycin, which could 

preclude treatment in people allergic to penicillin. Previously, Teatero et al. [68] described the 

acquisition of MGEs encoding resistance to tetracycline, macrolides and other antibiotics in CC17 

strains without PI-1. The loss of PI and the acquisition of MGEs carrying antibiotic resistance 
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genes contribute to variation among the ST17 S. agalactiae lineage [68]. The fact that these MGEs 

integrated at the same location expected for PI-1, may indicate that the loss of PI-1 and the 

acquisition of the MGEs occurred simultaneously [68]. Considering the emergence of a highly 

resistant sublineage within the ST17 hypervirulent clone, it was hypothesized that these highly 

resistant isolates might be expanding unnoticed [32]. PI-1 has been considered a potential vaccine 

candidate; as such, the loss or the replacement of this locus may have negative implications on 

the putative protection offered by pilus subunit-based vaccines [68]. 

 

2.2.7. Extracellular DNases 

 

Extracellular DNases have been identified in several species [138]. The genetic 

background for the observed DNase activity in S. agalactiae, first reported in 1980 [162], was 

established in 2013 with the identification of nuclease A (NucA) gene [163]. Whether other 

DNases exist in S. agalactiae remains to be disclosed. The nucA gene of S. agalactiae appears 

unrelated to any other streptococcal DNase coding gene. Its gene product has confirmed DNase 

activity and seems required for developing a full infection, as decreased mortality was observed 

in mice inoculated with a mutant strain of reduced nuclease activity [138, 163]. The function of 

extracellular DNases during pathogenesis is still relatively unclear, and only recently the potential 

for DNases to be virulence factors has been proposed. One hypothesis would be that scavenging 

nucleic acids by the action of DNases could provide nutrients during infection or colonization 

[138]. Another hypothesis would be that streptococcal DNases may be able to effectively 

eliminate biofilms, formed by other bacteria or regulate the formation of their own, whenever 

nucleic acids are the fundamental component of a microbial biofilm [137, 138]. A third hypothesis 

is that DNases could be involved in the bacterium evasion strategy to prevent neutrophil activation 

and contribute to NETs degradation, thereby promoting resistance to NETs-mediated 

antimicrobial activity of neutrophils and contributing to pathogenesis [137, 138]. Accordingly, 

part of the success of the clone III/ST17 could rely on the activity of extracellular DNases on the 

NETs released by neutrophils [128, 164, 165]. In fact, the invasive disease caused by another 

streptococcal species, S. pyogenes, has reappeared due to the emergence and global dissemination 

of the highly virulent clone M1T1, which exhibits two unique bacteriophages (acquired through 

horizontal transfer) that encode the potent DNase Sda1/SdaD2 and the superantigen SpeA [166, 

167]. DNases are also associated with MGEs, and can thus be transmitted between strains and 

even species [138]. The hypothesis that S. agalactiae can acquire DNases through MGEs remains 

to be explored. 

 

 



   Chapter II 

27 

 

2.2.8. Biofilm formation 

 

The adherence capacity of S. agalactiae to host cells facilitates bacterial cell aggregation 

and biofilm formation, an important virulence determinant that has been linked to colonization 

and progression to disease. Biofilms are sessile colonies embedded in a self-produced matrix of 

extracellular polymeric substances (EPS), offering protection in severe environmental conditions 

that can include antimicrobials, extreme pH, and immune cells, promoting the maintenance of a 

bacterial population, and thus contributing to chronic infection and heavy colonization [1, 168-

170]. S. agalactiae biofilm formation seems to be enhanced by CPS [37, 107, 130, 156], and the 

deletion of the gene encoding biofilm regulatory protein A (BrpA) was shown to impair both 

biofilm formation and the ability of the bacterium to colonize and invade [107, 110]. The 

environmental factors that favor biofilm formation by S. agalactiae strains are contradictory. In 

fact, results from studies addressing the biofilm-forming capacities of strains from different origin 

(colonization or infection), or with different genotypic features (capsular type or ST), and the 

correlation between biofilm formation and glucose concentration or pH value, seem to vary [126, 

127, 168, 169, 171-174]. A correlation of S. agalactiae III/ST17 strains invasive capability with 

biofilm formation was also proposed [126, 127]. As such, several in vitro studies evaluated 

biofilm formation by different S. agalactiae strains, namely within CC17, providing conflicting 

data; i.e. CC17 strains were described as strong [126, 169] but also as weak biofilm producers 

[170], probably due to methodological differences. The discrepancies among studies regarding 

the ability of CC17 strains to form biofilms in vitro can be also explained by the difference in PI 

distribution [169]. Variability in both presence and sequence of pilus loci has been investigated, 

and an inhibitory effect of PI-1 in biofilm formation in CC17 and CC19 strains was observed 

[170]. A strong biofilm phenotype in CC17 strains carrying exclusively PI-2b was also described; 

nonetheless, no precise association between PI and biofilm production could be established [169].  

 

2.3. Conclusion 

 

Despite the strategies implemented for the prevention of S. agalactiae, this pathogen 

remains the leading cause of neonatal invasive bacterial infection. S. agalactiae reflects a unique 

adaptation to host immune pressure through genome constant modification. Horizontal gene 

transfer should play a significant role in S. agalactiae genome evolution, driving to clonal 

expansion of the best-fitted strains. Despite the low levels of ST17 core genome recombination, 

the acquisition of MGEs encoding antimicrobial resistance and the loss of PI-1 surely contribute 

to the diversity among S. agalactiae strains. The phenomena involved in S. agalactiae host 

colonization and pathogenesis, and the emergence of new hypervirulent clones, like clone 



   Chapter II 

28 

 

III/ST17 sublineages, may have significant implications for the prevention and management of S. 

agalactiae disease. The understanding of the complex, and yet to be fully unveiled, host-S. 

agalactiae interaction is required to identify individuals at high risk of invasive disease and for 

engendering effective preventive and curative therapies. 
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Genomic insights on DNase production in 

Streptococcus agalactiae ST17 and ST19 strains 

 

 

The contents of this chapter were submitted (with minor changes) to a peer reviewed 

international journal and were published as a preprint (DOI: 

10.1101/2020.12.09.418327). 

Silvestre, I., A. Nunes, V. Borges, J. Isidro, C. Silva, L. Vieira, M. J. Borrego, and J. 

P. Gomes.  

 

 

Upon the preparation of this manuscript, additional data concerning the ST17 and ST19 strains 

under study were obtained. This was the case of putative virulence determinants which revealed 

ST-specific particularities (Supplementary Table S3.4, Supplementary Figures S3.5). The 

antimicrobial susceptibility phenotype regarding penicillin G, vancomycin, trimethroprim-

sulfamethoxazole, erythromycin and clindamycin was also determined, as well as the molecular 

mechanisms underlying the resistance phenotype (Supplementary Table S3.5, Supplementary 

Figures S3.6).   
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Abstract 

 

Streptococcus agalactiae evasion from the human defense mechanisms has been linked 

to the production of DNases. These were proposed to contribute to the hypervirulence of S. 

agalactiae ST17/capsular-type III strains, mostly associated with neonatal meningitis. We 

performed a comparative genomic analysis between ST17 and ST19 human strains with different 

cell tropism and distinct DNase production phenotypes. All S. agalactiae ST17 strains, with the 

exception of 2211-04, were found to display DNase activity, while the opposite scenario was 

observed for ST19, where 1203-05 was the only DNase(+) strain. The analysis of the genetic 

variability of the seven genes putatively encoding secreted DNases in S. agalactiae revealed an 

exclusive amino acid change in the predicted signal peptide of GBS0661 (NucA) of the ST17 

DNase(-), and an exclusive amino acid change alteration in GBS0609 of the ST19 DNase(+) 

strain. Further core-genome analysis identified some specificities (SNVs or indels) differentiating 

the DNase(-) ST17 2211-04 and the DNase(+) ST19 1203-05 from the remaining strains of each 

ST. The pan-genomic analysis evidenced an intact phage without homology in S. agalactiae and 

a transposon homologous to TnGBS2.3 in ST17 DNase(-) 2211-04; the transposon was also found 

in one ST17 DNase(+) strain, yet with a different site of insertion. A group of nine accessory 

genes were identified among all ST17 DNase(+) strains, including the Eco47II family restriction 

endonuclease and the C-5 cytosine-specific DNA methylase. None of these loci was found in any 

DNase(-) strain, which may suggest that these proteins might contribute to the lack of DNase 

activity. In summary, we provide novel insights on the genetic diversity between DNase(+) and 

DNase(-) strains, and identified genetic traits, namely specific mutations affecting predicted 

DNases (NucA and GBS0609) and differences in the accessory genome, that need further 

investigation as they may justify distinct DNase-related virulence phenotypes in S. agalactiae.  
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3.1. Introduction 

 

Streptococcus agalactiae is a major human pathogen which, although present as a 

commensal bacteria in the gastrointestinal and genitourinary tract, is a leading cause of neonatal 

morbidity and mortality worldwide, often associated with neonatal meningitis, pneumonia and 

sepsis [123, 138]. The ability of S. agalactiae to cause a wide range of disease may be due to an 

extensive arsenal of virulence factors that contribute to pathogenicity [138, 175], which includes 

biofilm formation and the production of DNases [138, 163, 176]. In fact, DNases would be able 

to destroy neutrophil extracellular traps (NETs) released by neutrophils upon microbial infection, 

when they are recruited to the infectious site to restrain bacterial spreading [164, 165, 176, 177], 

as NETs are composed of DNA, histones, proteolytic enzymes and other peptides. However, 

many pathogens have evolved mechanisms to evade NET-mediated entrapment and killing in 

what appears to be a widespread strategy to allow pathogen proliferation and dissemination [138, 

176, 177]. DNases can also reduce Toll-like receptor 9 (TLR-9) signaling to dampen the immune 

response and produce cytotoxic deoxyadenosine to limit phagocytosis [138, 176]. Streptococcal 

DNases may be further involved in interacting with other microbial communities through 

bacterial killing and disruption of competitive biofilms, or be able to control their own biofilm 

production. In addition, the production of DNases may provide nutrients during colonization and 

infection by scavenging nucleic acids of neutrophils, as NET formation ultimately leads to cell 

death. This may explain why many streptococci possess both secreted and cell-wall-anchored 

DNases. However, the role of DNases during pathogenesis is not completely understood and may 

be wide ranging, extending beyond the direct interference with the host immune response [138, 

177].  

High nuclease activity by S. agalactiae strains was firstly reported in 1980 [162]. 

Advances in molecular biology, namely the use of WGS, evidenced homology between the 

DNases of different streptococcal species [138]. In 2013, Derré-Bobillot and co-authors [163] 

identified seven genes putatively encoding secreted DNases in S. agalactiae NEM316 (gbs0153, 

gbs0382, gbs0609, gbs0661, gbs0712, gbs0885 and gbs0997), including the major nuclease 

(NucA) coding gene (gbs0661). Their results showed that the loss of NucA, which is secreted and 

capable of degrading NETs, resulted in reduced S. agalactiae NEM316 virulence [163, 176]. 

Besides, it seems likely that other DNases exist in S. agalactiae but have yet to be identified [138]; 

as such, recent genome screenings confirm the presence of potential extracellular DNases in 

mostly all available S. agalactiae genome sequences [176].  

S. agalactiae capsular-type distribution and predominance could change over time; 

however, it became clear that strains of certain CCs possess a higher potential to cause invasive 
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disease, while other harbor mainly colonizing strains [37]. S. agalactiae hypervirulent 

ST17/capsular-type III strains gained special interest due to their strong association with neonatal 

meningitis and LOD of the newborn [37, 87, 90, 99, 103, 124, 147, 159, 178]. These strains 

display secreted and surface-exposed factors, including DNases [88, 124, 153]; accordingly, ST17 

strains were recently reported as DNase producers while the DNase non-producer phenotype was 

only found among CC19 strains, which are well adapted to the vaginal mucosa, evidence a poor 

invasion ability, and were less often related to meningitis [37, 128]. 

The aim of the present study was to shed some light on the genetic background of DNase 

production in S. agalactiae strains from different clinical scenarios. For this purpose, we 

performed a comparative genomic analysis between ST17 and ST19 human strains with different 

cell tropism (invasive vs carriage) and diverse DNase production phenotypes.  

 

3.2. Materials and methods 

 

3.2.1. Strain collection  

 

In this study, a total of 33 clinical S. agalactiae strains of human origin (28 colonizing 

and 5 invasive) were analyzed, including isolates with differential DNase activity determined 

through prior assays [128]. The selected strains belong to the collections of the Portuguese 

National Institute of Health (Instituto Nacional de Saúde Doutor Ricardo Jorge, INSA, IP) and 

the Institute of Medical Microbiology and Hygiene (IMMH), Ulm University, Germany.  

For comparative purposes, S. agalactiae reference strains exhibiting distinct DNase 

activities were used: NEM316 (genotype: III/ ST23) (ATCC 12403, GenBank accession number 

NC004368); COH1 (genotype: III/ST17) (GenBank accession number AAJR01000000); 

2603V/R (genotype: V/ST110) (ATCC BAA-611, GenBank accession number NC004116).  

 

3.2.2. Bacterial culture 

 

Bacteria were grown in Columbia agar supplemented with 5% sheep blood (Biomérieux, 

Marcy l’Etoile, France) at 5% CO2 for 24 h. These cultures were used to proceed to DNase activity 

assays, antimicrobial susceptibility testing, and to inoculate cultures on fresh Todd Hewitt broth 

(THB) (BD®, New Jersey, USA) supplemented with 0.5% yeast extract, which were allowed to 

incubate without shaking at 37ºC with 5% CO2. Cell growth was monitored by measuring the 

optical density (OD) at 600 nm (OD600). At middle exponential phase (OD600=0.2-0.5), 1 ml of 

bacterial cells was collected by centrifugation (3000 rpm, 10 min), resuspended in 200µl of PBS 

and immediately stored at -20ºC, before further DNA extraction. 
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3.2.3. DNase activity, qualitative assays 

 

DNase production phenotype was assessed qualitatively by growing S. agalactiae strains 

on DNA-methyl green agar plates (Oxoid, Basingstoke, England), that allowed the identification 

of DNase production. The results were interpreted after 24 h of incubation at 37ºC in an 

atmosphere of 5% CO2. Strains were considered DNase producers (DNase(+)) when displaying 

transparent halos around colonies of S. agalactiae in DNA-methyl green agar plates. S. agalactiae 

strains COH1 and NEM316 were used as positive controls and 2603V/R as a negative control 

(DNase(-)). 

 

3.2.4. DNase activity, semi-quantitative and quantitative assays 

 

In order to confirm the results of the qualitative tests, which pose challenges for 

interpretation based on visualization, a semi-quantitative assessment of the activity of the DNases 

was further performed according to the described by Sumby and co-authors [179], with 

modifications. Briefly, S. agalactiae strains were inoculated in 5 ml of THB supplemented with 

0.5% yeast extract, culture supernatant from stationary phase was centrifuged (10 min., 3000 

rpm), syringe filtrated (0.2 µm), before incubation at 37°C with 1 µg of double stranded DNA 

(atr amplicon [99]) in the presence of 1x M buffer (Roche). Filtrated supernatants (10 µl) were 

incubated for 1h, 2h, 4h and "overnight" (~ 17h), in order to evaluate the digestion of DNA in a 

final volume of 50 µl. Nuclease reaction was stopped by adding EDTA (0.5 M, pH 8.0) at 4ºC. 

DNA digestion was analyzed by electrophoresis in 1% agarose gel. A negative control consisting 

on a reaction mixture without supernatant was used in all experiments. 

In order to confirm the results of production / non-production obtained by the methods 

previously described, a quantitative evaluation of the activity of DNases was further performed 

for a selection of S. agalactiae strains. The quantitative DNase assays were performed as 

described above and the amount of dsDNA present in each sample was determined by measuring 

at the same time points of incubation, using Quant-iTTM PicoGreenTM dsDNA assay kit (Thermo 

Fisher Scientific, USA), according to manufacturer's instructions. Briefly, 1 ml of 1x Quant-iT 

PicoGreen was added to an equal volume of each supernatant, previously diluted in 1x TE buffer. 

After 5 minutes of incubation at room temperature (RT), in the dark, we proceeded to the 

fluorescence measurement (Fluorimeter – Anthos Zenith 3100) in 96 well microtiter plates 

(Corning 96 Well Clear Flat Bottom Polystyrene Black TC, Costar, USA). To calculate the 

concentration of the remnant DNA in each sample, a standard curve with four solutions of phage 

Lambda DNA of known concentrations (1, 10, 100 and 1000 ng/ml) was used. Each obtained 

fluorescence value was subtracted of the blank solution (PicoGreen 1x + 1x TE buffer at a ratio 
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of 1:1) fluorescence value. S. agalactiae strains COH1 and NEM316 were used as positive 

controls and 2603V/R as a negative control. 

 

3.2.5. Nucleic acid isolation  

 

Genomic DNA was extracted as previously described [180], with minor changes. Briefly, 

bacterial cells were subjected to a high-speed centrifugation (14000 rpm) for 10 min at 4ºC. The 

pellet was digested for 2 h at 37ºC with 200 µl of Tris-EDTA buffer, pH 8.0, containing 10 U 

mutanolysin (Sigma-Aldrich, St. Louis, USA) and 15 mg/ml lysozyme (Sigma-Aldrich, St. Louis, 

USA) before treatment with 10 mg/ml proteinase K (Roche, Penzberg, Germany). Subsequently, 

DNA was extracted using the NucliSENS® EasyMag® (BioMérieux, Marcy l’Etoile, France) or 

the Isolate II Genomic DNA kit (Bioline, Tennessee, USA), according to the manufacturer’s 

instructions. DNA quality, purity and concentration were evaluated by agarose gel 

electrophoresis, spectrophotometry (NanoDrop, ThermoFisher Scientific, Massachusetts, USA) 

and fluorimetry (QubitTM, ThermoFisher Scientific, Massachusetts, USA), respectively. Then, 

DNA samples were sent to sequencing in Innovation and Technology Unit, at the Portuguese 

National Institute of Health. 

 

3.2.6. Whole genome sequencing, de novo assembly and annotation 

 

Previously selected S. agalactiae ST17 and ST19 strains (n=33) were all subjected to 

WGS, as previously described [181]. Briefly, high-quality DNA samples were subjected to dual-

indexed Nextera XT Illumina library preparation (Illumina, USA), prior to cluster generation and 

paired-end short-read high throughput sequencing (2x150bp or 2x250bp) on an Illumina MiSeq 

or NextSeq550 equipment (Illumina, USA), according to the manufacturer’s instructions. 

Genomes were de novo assembled using the INNUca v3.1 pipeline (https://github.com/B-

UMMI/INNUca) [182], an integrative bioinformatics pipeline that consists of several integrated 

modules for reads QA/QC, de novo assembly and post-assembly optimization steps. Briefly, after 

reads’ quality analysis using FastQC v0.11.5 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and cleaning with Trimmomatic 

v0.36 (http://www.usadellab.org/cms/?page=trimmomatic) [183], genomes were de novo 

assembled with SPAdes 3.10 (http://bioinf.spbau.ru/spades) [184], and subsequently improved 

using Pilon v1.18 [185].  

Some samples were also subjected to long-read nanopore sequencing (Oxford Nanopore 

Technologies-ONT) in order to increase the contiguity of genome sequences. Briefly, genomic 

libraries were prepared using the Rapid Sequencing kit (ONT), according to the manufacturer’s 
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protocol. A MinION device (ONT) USB-connected to a laptop computer with i7 Intel processor 

and 16 GB RAM, was used to sequence the libraries in two R9.4 type flow cells. The MinKNOW 

software (v19.06.8; ONT) was used to configure run parameters, data acquisition and real-time 

base-calling (Guppy v3.0.7; ONT). The quality of the MinION reads was assessed using 

MinIONQC (https://github.com/roblanf/minion_qc). Canu 1.9 was used for error correction of 

reads, trimming (removing adapters and breaking chimeras) and assembly with genome size of 

2.1 Mbp as input [186]. Curation of Canu assemblies was performed using a parallel mapping 

strategy: 1) of MinION trimmed reads with Minimap2 (https://github.com/lh3/minimap2) [187], 

and 2) of Illumina trimmed reads with Snippy v4.6 (https://github.com/tseemann/snippy) 

software, followed by polishing with Pilon v1.18. The later was ran for multiple iterations until 

the polished genomes remained unchanged. 

Draft genome sequences were annotated with both RAST server v2.0 

(http://rast.nmpdr.org/) [188] and Prokka v1.12 [189]. For simplification purposes, NEM316 

locus tag (GenBank accession number NC004368.1) was adopted to designate all gene hits 

identified in the subsequent analyses.  

 

3.2.7. Core-genome single nucleotide variant (SNV)-based analysis 

 

The genetic relatedness among strains was evaluated by a reference-based mapping 

strategy using Snippy v4.6 software. For each isolate, quality improved Illumina reads were 

mapped against a representative draft short-read-only assembled genome (2211-04 was used as 

mapping reference for all 33 strains as well as for ST17 cluster, while 1203-05 was used as 

mapping reference for ST19 cluster). SNV calling was performed on variant sites that filled the 

following criteria: i) minimum mapping quality of 20; ii) minimum number of reads covering the 

variant position ≥10; and iii) minimum proportion of reads differing from the reference of 90%. 

Core-SNVs were extracted using Snippy's core module (snippy-core). All putative SNVs/indels 

were carefully inspected and confirmed using the Integrative Genomics Viewer (IGV) v2.8.2 

(http://software.broadinstitute.org/software/igv/) [190]. MEGA7 software 

(http://www.megasoftware.net) [191] was applied to calculate matrices of nucleotide distances 

and perform phylogenetic reconstructions over the obtained core-genome SNV alignment by 

using the Neighbor-Joining method [192] with the Maximum Composite Likelihood model to 

compute genetic distances [193] and bootstrapping (1000 replicates) [194].  
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3.2.8. Extended genetic diversity analysis 

 

The PubMLST online platform (http://pubmlst.org/) was used for in silico MLST. For 

strains for which the de novo assembled genome could not be obtained (n=9) (since did not pass 

FastQC module QA/QC), MLST locus sequences were retrieved by a read-based mapping 

approach. Alleles and STs not previously described were deposited in the S. agalactiae MLST 

database. CCs were defined using eBurst analysis (http://eburst.mlst.net/v3/mlst_datasets/) [195]. 

The occurrence and structure/diversity of CRISPR-Cas systems (CRISPR-associated 

proteins) was predicted for all assembled genomes (n=12 for ST17 and n=12 for ST-19) with both 

CRISPRCasFinder (http://crisprcas.i2bc.paris-saclay.fr/) and CRISPRone 

(http://omics.informatics.indiana.edu/CRISPRone/) [196] web tools (both accessed in May 

2020). Only intact elements with the highest confidence score level were considered as legitimate 

hits. The occurrence and structure of each hit CRISPR-Cas system was confirmed by RAST 

annotation and reads-based mapping. 

In order to obtain an overview on the repertoire of putative virulence genes carried by 

each strain, a vast database was constructed, enrolling: i) previously identified virulence 

determinants [11, 69] and ii) genes identified after querying draft genome sequences against the 

Virulence Factors Database (VFDB; http://www.mgc.ac.cn/VFs/; last updated at 30th September 

2020) [197], using the VFanalyzer platform (accessed in October 2020). The presence/absence 

and/or variability of each putative identified hit was confirmed by an assembly-free strategy using 

Snippy 4.6, while BLASTp against the non-redundant (nr) protein sequences database was used 

to assess the potential protein function. The identified hits were then submitted at to PubMLST 

online platform for allele determination. 

As a means to potentiate isolate discrimination, assemblies were also analyzed using 

PHASTER (https://phaster.ca/) [198] to determine the presence of prophages. Only hits with 

intact phages were considered for further analysis, given that the detection of phage fragments 

could result from the assembly process hampering the distinction between presence of intact 

phages and phage remnants that were excised during the isolate evolutionary process (for which 

the biological importance is even more uncertain). The identification of other mobile genetic 

elements (MGEs) was carried out by manual inspection of annotated sequences, and further 

confirmed through BLASTn and BLASTp searches against the nr and WGS databases. In 

particular, the presence of plasmids was assessed through PlasmidFinder 2.0 

(http://cge.cbs.dtu.dk/services/PlasmidFinder/), using default parameters with both trimmed reads 

and assemblies.  

Finally, global pan-genome analyses were carried out for all assemblies using Roary 

v3.8.0 software [199] with a BLASTp minimum percentage of identity set to 95% and without 
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splitting paralogs. In order to obtain referential locus tags, gene hits found to be present/absent 

exclusively in ‘exception strains’ for DNase activity, were confirmed through reads’ mapping and 

Blastn search (90% query coverage with 70% identity) against publicly annotated S. agalactiae 

closed or draft genomes.  

 

3.2.9. DNases’ structural characterization 

 

For all DNases, the respective predicted protein sequences were searched for the presence 

of domains and/or motifs indicative of nucleases. SignalP-5.0 Server 

(https://www.cbs.dtu.dk/services/SignalP/) was used to check the presence of signal peptides. 

Putative structures were predicted using SWISS-MODEL (http://swissmodel.expasy.org/). 

 

3.2.10. Data availability 

 

All raw sequence reads used in the present study were deposited in the European 

Nucleotide Archive (ENA) under the study accession number PRJEB41294 (Supplementary 

Table S3.1). 

 

3.3. Results 

 

3.3.1. DNase activity assays 

 

Of the total 33 clinical S. agalactiae selected strains, 15 belonged to ST17 and 18 

belonged to ST19. Based on qualitative and semi-quantitative assays, all S. agalactiae ST17 

strains, with the exception of the clinical strain 2211-04, were found to display DNase activity. 

The opposite scenario was observed for ST19, where DNase activity was only seen for one (1203-

05) out of the eighteen ST19 clinical strains. The presence or absence of DNase activity was 

further assessed by quantitative assays for a selection of S. agalactiae strains from both STs 

(Figure 3.1). Confirming the previous observations, the ST17 2211-04 clinical strain was the only 

ST17 strain lacking DNase activity (congruent with the negative control 2603V/R), while ST19 

clinical strains (with exception of 1203-05) showed no ability to degrade DNA, whose amount 

remained nearly constant after 17h. Interestingly, two distinct DNA digestion profiles were 

observed for the remaining ST17 clinical strains, when compared with the two positive controls, 

S. agalactiae COH1 and NEM316. While some of them mirrored the medium DNA digestion of 

COH1, others exhibited an almost total DNA digestion (<10% DNA remained after 17h), 
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reflecting a high production of extracellular DNases like reference NEM316. On the other hand, 

the ST19 1203-05 clinical strain appeared isolated, revealing only a weak DNase activity. 

 
Figure 3.1 Quantitative DNase assays displaying differential DNase activity between S. agalactiae 
strains over time. S. agalactiae culture supernatant (10 μl) incubated with 1 μg of DNA (amplicon atr) for 
1h, 2h, 4h, overnight at 37°C. Fluorescent PicoGreen dye (Invitrogen) was used to quantify the dsDNA. 
The graphic displays the mean values of the experiment performed in duplicate. Error bars show ± standard 
deviation. DNase(-) ST19 strains are shown in yellow, while DNase(+) ST17 strains are depicted in green. 
The two exceptions are displayed in red, with * representing the DNase(-) ST17 strain and ** representing 
the DNase(+) ST19 producer. All controls are shown in dark blue (PC, Positive Control; NC, Negative 
Control). 

 

3.3.2. Strains’ phylogenetic relationship 

 

Considering the observed DNase activity exceptions within each ST, we first assessed the 

genetic relationship between 2211-04 and 1203-05 and the remaining clinical strains. We 

observed that the core-genome SNV-based phylogenetic analysis clearly segregates strains based 

on each ST (Figure 3.2), resulting in a strong two major-branches tree, where neither ST17 2211-

04 nor ST19 1203-05 strains showed up in isolated branches. Indeed, clinical strains from ST17 

displayed a mean of 163.2±5.3 core-SNVs among them but had a mean distance of 7342.2±33.2 

core-SNVs to ST19 strains, which differ themselves by a mean of 466.5±7.3 core-SNVs (Figure 

3.2A). Strains’ relatedness within each individual ST was also explored by maximizing the core-
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genome under evaluation (Supplementary Figure S3.1). Despite only a slight increase in the 

number of core-SNVs was observed (mean core-SNVs of 258.9±4.8 within ST17 and mean core-

SNVs of 526.2±5.2 within ST19), we were able to identify the clinical strains genetically closest 

to ST17 2211-04 and ST19 1203-05 strains. For ST17, 2211-04 form an independent phylogenetic 

clade with 1232-06 (differing by 83.0±9.0 core-SNVs), while for ST19, 1203-05 was found to be 

genetically closest related to 461-05, 724-06, 1434-05, 1237-07 and 225-06 strains (differing only 

by a mean of 41.8±5.7 core-SNVs from these strains). 

 

 
Figure 3.2 DNase-based genotypes and phenotypes. A. Box Plots depicting the number of SNVs 
observed within the overall population and within each ST. The three left plots are based on a core-genome 
enrolling all the 33 strains, whereas the two right plots are relative to a core-genome enrolling solely same-
ST strains (n=15 for ST17 and n=18 for ST19), in order to maximize the genome shared for each sub-set 
of strains. The horizontal line within each box marks the median, while the cross (“x”) represents the 
medium value. B. The core-genome SNP-based phylogenetic tree was reconstructed using the Neighbor-
Joining method [192] with the Maximum Composite Likelihood model [193]. Bootstraps values are shown 
next to the respective nodes. Colonization strains are represented by grey light squares, while strains from 
invasive infection are in grey dark squares. For each isolate, the black squares represent the respective 
capsular-type as well as the presence of DNase activity (illustrated in Figure 3.1). Both the DNase(-) ST17 
and the DNase(+) ST19 strains are highlighted in red. For each DNase gene, the different alleles found for 
each clinical strain are represented by distinct color tones (proximal color tones do not reflect genetic 
proximity). Genes were designated according to NEM316 genome (GenBank accession number 
NC004368.1). 
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3.3.3. Genetic variability of DNase genes 

 

We then proceeded with a more focused analysis where the potential genetic basis behind 

the observed DNase activity was evaluated. All known loci putatively encoding secreted DNases 

in S. agalactiae were analyzed. While some genes were found to be conserved among all strains 

(the paralogs gbs0382, gbs0712 and gbs0997), or to fully separate strains according to ST 

(gbs0153), specific alleles were exhibited by ST19 1203-05 and ST17 2211-04 clinical strains in 

gbs0609 and gbs0661, respectively (Figure 3.2B), which may contribute to their exception 

character regarding DNase activity. For instance, the weak DNase(+) ST19 1203-05 strain was 

found to harbor an exclusive missense alteration in gbs0609, corresponding to the substitution of 

a negative-charged amino acid by a positive-charged one (Glu261Lys). On the other hand, for 

NucA coding gene (gbs0661), an exclusive non-synonymous alteration (Thr10Ala) affecting the 

predicted signal peptide was exhibited by the DNase non-producer ST17 2211-04 strain. When 

compared to the well-studied gbs0661 of DNase(+) NEM316, all 33 S. agalactiae strains 

additionally displayed one non-synonymous (T296C; Pro99Leu) and two silent (G99A and 

G228A) substitutions, despite all DNase(-) ST19 strains harbored an extra silent alteration 

(A423G). Curiously, the replacement of the proline residue by a leucine fall within β-strand 4 of 

NucA, according to its predicted structure for NEM316 [200], which together with β-strands 9 

and 10 constitute the deepest recess of the nuclease active site (Supplementary Figure S3.2). 

Despite the detected amino acid replacements may hypothetically explain the differences in 

DNase activity observed in the present study, to our knowledge they have not yet been subjected 

to any mutagenesis assays, so their role in the enzyme secretion/activity  remains unknown.  

 

3.3.4. Core-genome analysis 

 

We then searched for other genetic aspects that could explain the observed DNase activity 

exceptions. Globally, a total of 35 core-SNVs/indels were found to differentiate DNase(-) ST17 

2211-04 from all DNase(+) ST17 strains (Table 3.1). With exception of five core-SNVs falling 

within non-coding sequences, variants (17 non-synonymous, 11 synonymous, one frameshift 

deletion and one conservative in-frame insertion) were found to affect genes mostly related to 

metabolism (n=13) as well as to cellular processes and signaling (n=11), such as those encoding 

the ATP-dependent Clp protease ATP-binding subunits ClpC and ClpX, the molecular chaperone 

DnaK, and the class I S-adenosylmethionine (SAM)–dependent methyltransferase. Regarding the 

core-SNVs affecting non-coding regions, none of them was found to interrupt any annotated 

regulatory element (like ribosome binding sites and transcriptional terminators, for instance). 
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Nevertheless, one SNV apparently falls within a region similar to a transposase C-terminal end 

(pseudogene). 
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Table 3.1 Core-SNVs/indels between DNase(-) 2211-04 and all DNase(+) ST17 strains. 

2211-04 
NODE 

NODE 
position 

(bp) 

Change in DNase(+) ST-17 
strains 

Product 
NEM316 old 

locus tag a 

     
1 6712 T518C (Val173Ala) Uracil phosphoribosyltransferase gbs1635 

2 64811 G1071A (Gly357Gly) Major cardiolipin synthase ClsA gbs1088 

2 67278 T393C (His131His) Formate - tetrahydrofolate ligase 1 gbs1089 

2 80682 T707C (Phe236Ser) ABC transporter ATP-binding protein gbs1103 

3 36869 T225C (Val75Val) Protein RecA gbs2047 

3 77527 T126C (Ile42Ile) Glycine betaine ABC transporter permease gbs2089 

3 112842 G10A (Ala4Thr) LysM peptidoglycan-binding domain-containing protein gbs2107 

4 25790 A1548G (Gly516Gly) Oligoendopeptidase F, plasmid gbs0779 

6 26679 A301G (Asn101Asp) Hypothetical protein --- b 

6 26969 10delA (Ile4fs) c Hypothetical protein --- b 

7 4092 G1153A (Val385Ile) ATP-dependent Clp protease ATP-binding subunit ClpC gbs1376 

7 11190 
243-244insAAACGTGCT 

(Ala81-Leu82insLysArgAla) 
ATP-dependent Clp protease ATP-binding subunit ClpX gbs1383 

7 11616 G18T (Leu6Phe) Hypothetical protein --- d 

7 34581 C458T (Ser153Leu) Putative membrane protein gbs1406 

7 69209 T1018C (Cys340Arg) Capsule biosynthesis protein CapA gbs1441 

9 42329 A-->G  IGR (gbs0664-
gbs0665) 

9 45552 G28A (Ala10Thr) Nuclease A gbs0661 e 

9 60220 A2054G (His685Arg) PII-type proteinase --- 

11 7603 T789C (Arg263Arg) Glucose-6-phosphate isomerase gbs0437 

12 12947 T141C (Asp47Asp) 50S ribosomal protein L23 gbs0060 

12 50086 T986C (Ile329Thr) Amidophosphoribosyltransferase gbs0025 

13 35373 T-->C  IGR (gbs1939-
gbs1940) 

14 6064 A309G (Val103Val) Glycogen debranching enzyme gbs1288 

14 45399 T118C (Cys40Arg) Ribose-5-phosphate isomerase A gbs1256 

17 20340 A96G (Ser32Ser) 23S rRNA methyltransferase gbs1028 

18 32253 T156G (Asp52Glu) Iron-sulfur cluster assembly protein SufB gbs0141 

19 14314 C1220T (Thr407Ile) 1,4-alpha-glucan branching enzyme GlgB gbs0871 

20 37252 T56A (Ile19Asn) Cobyric acid synthase gbs0900 

21 22836 A193G (Ile65Val) Class I SAM-dependent methyltransferase gbs1563 

24 197 T-->G Transposase C-terminal end (truncated) (Y) 
gbs0599 (Y) / 
gbs0620 (Y) 

25 19551 T79C (Leu27Leu) Heme response regulator HssR gbs2009 

26 15787 A234G (Lys78Lys) Siderophore transport system ATP-binding protein YusV gbs1462 

28 5613 T106A (Ser36Thr) Chaperone protein DnaK gbs0096 

30 9399 T-->C  IGR (gbs1532- 
gbs1533) 

36 8124 G-->T  IGR (gbs0627- 
gbs0628) 

          
a Open Reading Frames (ORFs) designations according to NEM316 genome (GenBank accession number NC_004368.1) 
b Corresponds to NEM316 locus tag GBS_RS09875; smaller ORF (1362bp; 454aa) 
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c The DNase(-) GBS-2211-04 possesses an intact ORF of 1533bp (511aa), while the 1-bp deletion harbored by all ST17 DNase(+) 
strains yields a frameshift change that result in a smaller 1497bp ORF (499aa). In addition, 1232-06 possesses an extra 1-bp 
deletion that leads to a premature codon stop, resulting in two ORFS (390bp and 981bp) (data not shown) 
d Corresponds to NEM316 locus tag GBS_RS07280 
e Gene putatively encoding secreted DNase [163] 
Y Pseudogene 

 

On the other hand, for ST19, 24 core-SNVs/indels were found to discriminate the weak 

DNase(+) 1203-05 from all DNase(-) ST19 strains (Table 3.2). Of the 20 core-SNVs occurring in 

coding sequences, approximately two thirds originate missense variants, and affect genes 

encoding hypothetical proteins as well as genes related to bacterial stress response, defense 

mechanisms or metabolism. From these, we highlight two genes encoding the GTPase Obg and 

the excinuclease ABC subunit B that are related to bacterial stress response and DNA repair. 

Interestingly, one core-SNV (G297A) involves the exclusive gain for 1203-05 of a premature stop 

codon (at 99aa) in the TetR/AcrR family transcriptional regulator gene, likely producing two 

shorter proteins (99aa and 56aa instead of the original 183aa). Two insertions (of 1bp and 18bp) 

occurring in genes coding for a nucleoid-associated protein and an hypothetical protein were also 

found to differentiate all ST19 DNase(-) strains from the weakly DNase(+) 1203-05, yielding 

proteins with distinct length sizes. Regarding the core-SNVs falling in non-coding sequences, one 

occurred in the ribosome binding site (RBS) of a gbs1083 homolog. While all ST19 DNase(-) 

possess a GGCAGG RBS sequence, the weakly DNase(+) displays an exclusive GGCAGA 

sequence, which may hypothetically influence the ribosome binding and, consequently, the 

protein (threonine/serine exporter family protein) expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 Core-SNVs/indels between DNase(+) 1203-05 and all DNase(-) ST-19 strains. 
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1203-05 
NODE 

NODE 
position 

(bp) 
Change in DNase(-) ST-19 strains Product 

NEM316 old locus 
tag a 

     
2 5182 G250A (Glu84Lys) Hypothetical protein gbs0488 

2 14321 T663G (Asn221Lys) Hypothetical protein gbs0496 

3 42682 264-265insA (Leu89fs) b Nucleoid-associated protein gbs1791 b 

4 37354 T926C (Leu309Ser) 
Streptococcal histidine triad protein 

precursor (C-terminal part) 
gbs1924 (Y) 

4 57207 A591G (Ala197Ala) NAD-dependent malic enzyme gbs1906 

5 75372 A923T (His308Leu) Zinc protease gbs2113 

6 85300 T-->C  IGR (gbs1083-
gbs1084) 

6 102417 C912T (Pro304Pro) Phosphoglucomutase gbs1100 

8 62062 T-->C  IGR (gbs0923-
gbs0924) 

9 52087 T317C (Leu106Pro) 
YlbF/YmcA family 

competence/transcriptional regulator 
gbs1446 

10 5774 T434C (Phe145Ser) 
FMN-dependent NADH-

azoreductase 1 
gbs0259 

10 47782 G1511A (Arg504His) Ribonuclease Y gbs0295 

10 78357 A33C (Ile11Ile) 
Ribosome hibernation promotion 

factor 
gbs0326 

15 42542 T305C (Ile102Thr) GTPase Obg gbs1537 

15 49967 C1555G (Leu519Val) UvrABC system protein B gbs1531 

16 16085 A220G (Ser74Gly) putative FMN/FAD exporter YeeO gbs0056 

16 30300 T795C (Pro265Pro) 
N5-carboxyaminoimidazole 

ribonucleotide synthase 
gbs0043 

19 147 T-->C  IGR (gbs1395-
gbs1396) 

19 13854 A297G (Ter99Trpext*) TetR family transcriptional regulator gbs1381 

20 38268 
2892-2909dupAGCACGTAAAGCTGAAGA 
(Glu970-Gly971insAlaArgLysAlaGluGlu) c 

Hypothetical protein --- 

20 50146 A630C (Lys210Asn) Protein DedA gbs0662 

22 7144 A324G (Ala108Ala) Cystathionine beta-lyase gbs1283 

30 10716 A781G (Lys261Glu) Endonuclease gbs0609 d 

45 549 T-->C  IGR (gbs0874-
gbs0875) 

          
a ORFs designations according to NEM316 genome (GenBank accession number NC_004368.1) 
b The 1bp insertion leads to a premature stop, yielding a smaller ORF in all ST19 DNase(-) strains and NEM316 
c The 18bp in-frame insertion yields a longer ORFs in all ST19 DNase(-) strains 
d Gene putatively encoding secreted DNase [163] 
Y Pseudogene 
 

 

3.3.5. Pan-genomic analyses 

 

We also aimed to identify accessory genes with the potential to discriminate the two 

strains exhibiting DNase activity exceptions with the respective STs. As such, we performed a 

pairwise comparison of gene content between DNase(-) ST17 2211-04 and the genetic closest 

DNase(+) ST17 strain, as well as between the DNase(+) ST19 1203-05 and the genetic closest 

DNase(-) ST19 strain.  
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Overall, a total of 2759 genes were detected after pan-genome analysis within all ST17 

strains with assembled genome (n=12), with 1788 genes present in more than 99% of the strains. 

Only 351 genes were classified as cloud genes (present in less than 15% of strains). A zoom-in 

analysis focusing the ST17 2211-04 and the closest related 1232-06 strain revealed that the 

proportion of the shared genome was very high (95%, n=2016/2128 genes), with only 112 genes 

(5%) differentially present through the 2.1 Mb genome of the two strains. However, 64 of these 

genes were also present in some of the ST17 DNase(+) strains (and in some of the ST19 strains) 

leaving us with 48 genes found to be exclusive of the accessory content of DNase(-) ST17 2211-

04 (Supplementary Table S3.2). Interestingly, these encompass phage-related genes, including 

genes coding for several hypothetical proteins and for the LexA and the Single-stranded DNA-

binding proteins, which are associated with stress response and DNA repair [201-204]. In fact, 

DNase(-) ST17 2211-04 was found to harbor two intact phages of 35Kb (36.7%GC) and 24.6Kb 

(40.1%GC) integrated in its genome (Table 3.3). Although the latter is exclusive, not having 

homology in S. agalactiae, it is 96% homolog (99% identity) to Streptococcus phage Javan11 

(GenBank accession number MK448669.1) 

A 34Kb transposon 94% homologous to TnGBS2.3 [205] was also found in DNase(-) 

ST17 2211-04 strain, carrying several VirB/D4 type IV secretion system (T4SS) and LPXTG 

protein genes (Supplementary Figure S3.3). It is inserted in-frame within the intergenic region 

(IGR) between the gbs1087 and gbs1088 homologs (which code for the fibronectin-binding 

protein FbsA and the major cardiolipin synthase ClsA, respectively), being flanked by a perfect 

13bp direct repetitive sequence (TTACTTTTTAAAT). However, Blastn analysis revealed that 

this transposon is also present in DNase(+) ST17 776-06 strain. In contrast to 2211-04, the 

transposon insertion in 776-06 interrupts the transcriptional terminator region of a 

glycosyltransferase (gbs0452 homolog), group 2 family protein, involved in the biosynthesis of 

S. agalactiae Group B carbohydrate [206]. The functional consequences of this insertion are 

unknown. 

Conversely, all ST17 DNase(+) strains were found to uniquely harbor 9 accessory genes 

(Table 3.3), the majority of which code for hypothetical proteins (n=4) or are involved in cellular 

processes and signaling (n=2). Two of these exclusive genes encode the Eco47II family restriction 

endonuclease and the C-5 cytosine-specific DNA methylase, which are components of 

prokaryotic DNA restriction-modification mechanisms that protect the organism against invasion 

by foreign DNA [207, 208]. Considering that this accessory gene set is absent in the ST17 

DNase(-) 2211-04 as well as in all ST19 strains, it shows up as an important candidate to be 

involved in the DNases’ activity phenotype, besides the recognized DNase coding genes. 
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Table 3.3 List of accessory genes differentially present between and within ST17 and ST19 
strains. 

   
 ST17 ST19 
   
     

Feature 
DNase(-) 
2211-04 

DNase(+) 
(n=14) 

DNase(+) 
1203-05 

DNase(-) 
(n=17) 

     
     

Phage (24.6Kb) a √    
Transposon (TnGBS2.3 homolog) √ 776-06 b   

Cell division protein FtsK  √   
Hypothetical protein 1  √   
Hypothetical protein 2  √   
Hypothetical protein 3  √   
Hypothetical protein 4  √   

Serine/threonine-protein kinase PknD  √   
Eco47II family restriction endonuclease  √   
C-5 cytosine-specific DNA methylase  √   

Tyrosine recombinase XerD  √   
Laminin-binding protein (Lmb)  √  √ 
Serine-rich repeat protein Srr-1   2 smaller ORFs √ 

C5a peptidase  √  √ 
     

a Phage (24.6Kb) has no homology in S. agalactiae but is 96% homolog (99% identity) to Streptococcus phage Javan11 
(GenBank accession number MK448669.1) 
b 96% homology (99.96% identity) with 2211-04 

 

 For ST19, the pan-genome analysis detected a total of 3073 genes among all ST19 strains 

with assembled genome (n=12), of which 1713 were shared by more than 99% of the strains and 

878 genes were classified as cloud genes (present in less than 15% of strains). A fined-tune 

analysis focused on the weak DNase(+) 1203-05 and one of the closest DNase(-) ST19 strains 

(461-05, 724-06 or 1434-05) revealed that each pair shared at least 93% of the genes (with only 

85-130 genes being differentially present). While no accessory content was found to be 

exclusively present in 1203-05, six genes are uniquely harbored by all ST19 DNase(-) strains 

(data not shown). However, they are also present in all ST17 strains (including in DNase(-) 2211-

04), suggesting that they do not contribute to the DNases’ activity phenotype. 

 

3.3.6. Virulome characterization 

 

In order to identify putative virulence determinants in S. agalactiae that may explain the 

observed DNase activity exceptions, genomes were queried against a custom database of genes 

potentially linked to adaptation and pathogenicity. While no specific virulence traits were 

identified for ST17 DNase(-) 2211-04 when compared with the other ST17 strains, some 

exclusive particularities were found for ST19 DNase(+) 1203-05 within the ST19 group 

(Supplementary Table S3.3), but it is unlikely that they may contribute for the observed DNase 

activity phenotype. For instance, both laminin-binding protein (lmb) and C5a peptidase (scpB) 
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genes, which disrupt complement-mediated innate immunity [24], were found to be absent in the 

weak DNase(+) strain. However, this is intriguing because the surface C5a peptidase is considered 

to prevent the recruitment of neutrophils to infection sites and, consequently, preclude the 

production of NETs [24, 108, 175]. Additionally, two apparent functional smaller serine-rich 

repeat protein srr-1 ORFs were also identified in 1203-05, instead of an intact gene (whose 

encoded protein is linked to host extracellular matrix) characteristically exhibited by all ST19 

strains. 

CRISPR-Cas analysis (Supplementary Figure S3.4) was not informative in elucidating 

the disparities of the observed DNase activity phenotypes as it correlates with the core-genome 

SNV-based phylogeny (Supplementary Figure S3.1), with both the DNase(-) 2211-04 and the 

closest DNase(+) 1232-06 grouping together (cluster 3) in ST17; regarding the weak DNase(+) 

1203-05, it confirmed its  higher closeness to the related DNase(-) ST19 1434-05, 461-05 and 

724-06 strains.  

 

3.4. Discussion 

The present work aimed to get insight into the genetic background of DNase production 

in S. agalactiae strains, through WGS-based analyses of clinical strains from carrier and infection, 

belonging to ST17 and ST19. In 2018, Florindo and co-authors [128] found strains displaying a 

DNase(-) phenotype belonging to a single genetic lineage, CC19, and all CC17 strains displaying 

a DNase(+) phenotype. As ST17/capsular-type III strains have been associated with LOD and 

neonatal meningitis [32, 68, 123, 124], these findings seemed to corroborate the hypothesis of a 

major role of this enzyme in hypervirulence, namely in the evasion processes from the host 

defense mechanisms [128]. In the present study, all ST17 strains, except one (DNase(-) ST17 

2211-04), were found to be DNase(+), while strains belonging to ST19 were classified as DNase(-

), with the exception of strain DNase(+) ST19 1203-05, which revealed some DNase activity. 

These exceptions in DNase activity from both STs thus constituted an important opportunity to 

track the genetic basis underlying the DNase production.  

While the virulome characterization was not helpful since it did not allow to present 

genetic characteristics that distinguished each of the exception strains from the ST group they 

belong to, it was interesting to verify that the analysis of the genetic variability of the seven genes 

putatively encoding secreted DNases [163] provided some clues. In fact, we found an exclusive 

non-synonymous alteration (Glu261Lys) in gbs0609 for strain DNase(+) ST19 1203-05, although 

it was not possible to determine the structural effect of this amino acid substitution. On the other 

hand, a non-synonymous alteration (Thr10Ala) in gbs0661, coding for the major S. agalactiae 

nuclease (NucA) [163], was found in strain DNase(-) ST17 2211-04. Curiously, it involves the 
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substitution of a polar uncharged residue by an amino acid with a hydrophobic side chain within 

the hydrophobic domain of the predicted signal peptide, which is required for export/secretion of 

the mature protein [163, 209]. Although an hydrophobicity increase was showed to favor protein 

processing and translocation [209, 210], we observed an opposite phenotypic scenario, so we 

speculate whether the observed mutation affecting NucA signal peptide may have impaired the 

protein secretion, leading to DNase(-) phenotype. In another perspective, we did not found any 

difference in the predicted NucA mature protein among all ST17 and all ST19 strains, regardless 

of the DNase activity phenotype. When compared to the well-studied NEM316 NucA, they only 

differ at one position (Pro99Leu) (as the additional nucleotide variation seen is synonymous), 

containing a conserved H-N-N motif (H148, N167 or 170 and N179) and other key amino acid residues 

(like Glu193) that are crucial for enzyme activity and metal binding [200]. Therefore, the allelic 

difference between all these proteins and the NEM316 NucA mature protein seems not justify 

any differences in the DNase activity phenotype, since some ST17 strains presented a strong 

DNase activity, similar to NEM316. Accordingly, it is very likely that, besides NucA and other 

predicted DNases, other proteins, namely those involved in their export/secretion, may account 

for the DNase phenotypic differences observed between ST17 and ST19 strains. 

The analysis of the core-genome identified some specificities (SNVs or indels) 

differentiating the DNase(-) ST17 2211-04 and the DNase(+) ST19 1203-05, from all DNase(+) 

ST17 strains and all DNase(-) ST19 strains, respectively. We thus looked for a rationale that could 

justify why some of the altered genes could potentially be implicated in DNase release or activity. 

For instance, ATP-dependent Clp protease ATP-binding subunit ClpC and ClpX, the molecular 

chaperone DnaK and the class I SAM-dependent methyltransferase were mutated in the DNase(-

) ST17 2211-04 and are involved in metabolism, stress response and pathogenesis [211-218]. 

Genes related to bacterial stress response and DNA repair were mutated in DNase(+) ST19 1203-

05, namely genes encoding for the GTPase Obg and the excinuclease ABC subunit B. GTPase 

Obg has been associated with a variety of cellular functions, including regulation of the cell stress 

response and persistence in response to nutrient starvation, while the excinuclease ABC subunit 

B is pivotal for stress responses, and  recognition and processing of DNA lesions [219, 220]. For 

DNase(+) ST19 1203-05 strain, the gain of a premature stop codon in the TetR/AcrR family 

transcriptional regulator gene could play an important role in metabolic regulation. This family 

of transcriptional regulators is widely associated with antibiotic resistance and with the regulation 

of genes encoding small-molecule exporters [221-223]. Moreover, the ST19 DNase(+) strain 

presented a core-SNV within a non-coding sequence of a threonine/serine exporter family protein, 

which hypothetically may influence the expression profile. Interestingly, serine/threonine 

signaling cascades were linked with virulence, namely in S. agalactiae [224]. However, the 

impact of these mutations in DNase enzymatic performance remains undetermined. In fact, 
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enzymes act under of multiple levels of regulation and, in order to clarify the overall picture of 

these regulation processes, different levels of “omics” data such as transcriptomics, proteomics, 

metabolomics and epigenomics should be integrated [225, 226].  

Concerning the pan-genome, the analysis was focused on genes exclusive of the 

‘exception strains’ for DNase activity (DNase(-) ST17 2211-04 and DNase(+) ST19 1203-05). A 

total of 48 phage-related genes were found to be exclusive of DNase(-) ST17 2211-04. Although 

it was not possible to determine the exact integration coordinates in the genome, this strain was 

found to harbor a unique intact phage with no homology in available S. agalactiae genome 

sequences. In a pure speculative basis, this could somehow contribute to the DNase phenotype of 

this strain. In fact, phages were found to regulate bacterial populations by altering bacterial gene 

expression, as well as to contribute for the evolution of bacterial hosts (through gene transfer) and 

to bacterial pathogenesis [227, 228]. The pan-genomic analysis also allowed the identification of 

a transposon homologous to TnGBS2.3 in two ST17 strains (DNase(-) 2211-04 and DNase(+) 

776-06), yet with different sites of insertion. TnGBS transposons are common among S. 

agalactiae isolates and carry several VirB/D4 T4SS and LPXTG protein genes [205]. While 

VirB/D4 T4SS mediates the conjugative transfer of DNA, enhances bacterial pathogenicity and 

was proposed to mediate largescale infectious outbreaks in humans [205, 229], LXPTG have been 

shown to be involved in host colonization, biofilm formation and immune modulation [230, 231]. 

The site of insertion of the transposon in DNase(-) ST17 2211-04 strain is proximal to genes 

belonging to a specialized system for excreting extracellular proteins across bacterial cell 

membranes, the type VII protein secretion system, which has been associated with virulence 

in Staphylococcus aureus [232]. Although the transference of new genes to S. agalactiae genome 

is thought to modify the expression of neighboring genes at the integration site [233], appropriate 

transcriptomic analysis is required to evaluate the impact of this transposon insertion.  

The identification of nine accessory genes among all ST17 DNase(+) strains could also 

be related with the phenotypes observed for DNase production. Among these genes there are two 

encoding for proteins involved in mechanisms that protect the organism against invasion by 

foreign DNA [207], the Eco47II family restriction endonuclease and the C-5 cytosine-specific 

DNA methylase. The observation that none of these loci was found in any DNase(-) strain may 

suggest a contribution of these proteins to the lack of DNase activity. Nevertheless, this 

hypothesis also warrants further investigation through functional assays. 

In conclusion, we globally characterized the genome of S. agalactiae ST17 and ST19 

strains, isolated from invasive and carriage clinical presentations, DNase(+) and DNase(-), in an 

attempt to shed some light on the genetic background underlying S. agalactiae DNase activity. 

Some loci and SNVs / indels potentially contributing to DNase activity were identified. However, 

these data require further research to test their robustness, starting by evaluating S. agalactiae 
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strains of different ST and diverse DNase production phenotypes, in order of reaching a better 

understanding of the pathways whereby DNases contribute to S. agalactiae pathogenesis. 
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Abstract 

 

Streptococcus agalactiae is a leading cause of neonatal infections and an increasing cause 

of infections in adults with underlying diseases. One of the first S. agalactiae isolates to be 

subjected to whole genome sequencing was NEM316, a strain responsible for a fatal case of 

septicemia that has been widely used as reference strain for in vitro assays. Whole transcriptome 

analyses may provide an essential contribute to the understanding of the molecular mechanisms 

responsible for bacteria adaptation and pathogenicity, still, so far, very few studies were dedicated 

to the analysis of global gene expression of S. agalactiae. Here, we applied RNA-sequencing to 

perform a comparative overview of the global gene expression levels of the S. agalactiae 

reference strain NEM316 at the exponential growth phase. Genes were ranked by expression level 

and grouped by functional category and 46% of the top-100 expressed genes encode proteins 

involved in “Translation, ribosomal structure and biogenesis”. Among the group of highly 

expressed genes were also represented genes with no assigned functional category. Although this 

result warrants further investigation, most of them might be implicated in stress response. As very 

little is known about the molecular mechanisms behind the release of DNase’s in vitro and in vivo, 

we also performed preliminary assays to understand whether direct DNA exposure affects the 

gene expression of strain NEM316 at the exponential growth phase. No differentially expressed 

genes were detected, which indicates that follow-up studies are needed to disclose the complex 

molecular pathways (and stimuli) triggering the release of DNase’s. In general, we provide data 

on the global expression levels of NEM316 at exponential growth phase that may contribute to 

better understand S. agalactiae adaptation and virulence. 
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4.1. Introduction 

 

Streptococcus agalactiae belongs to the family of streptococcaceae and is a common 

inhabitant of the healthy human gut and urogenital tract, particularly in women [147]. As an 

opportunistic pathogen, S. agalactiae is a major cause of neonatal infections and mortality, and 

has also emerged as a pathogen in elderly and immunocompromised adults [139]. S. agalactiae 

is capable to adhere to various host cell types, namely epithelial cells of the vagina and the lung, 

endothelial cells and micro-vascular endothelial cells of the blood-brain barrier [234]. However, 

the molecular mechanisms underlying the transition from colonization to infection have yet to be 

disclosed, and while the exact pathogenic features of S. agalactiae remain unrevealed, many 

virulence factors have been proposed to explain infection-related pathogenesis [128]. In S. 

agalactiae reference strain NEM316 (genotype: III/ ST23) [11], isolated from an infected infant, 

several extracytoplasmic virulence factors have been identified, such as capsule, proteases, 

adhesins, haemolysin, pili and pigment. These factors mediate adhesion and epithelial cell 

invasion, and/or antagonize the immune system during phagocytosis [129, 147].  

Understanding the transcriptomic setting allows to obtain insights on the pathways of 

bacterial physiology, metabolism, and adaptation to changing environments [117, 235]. Over the 

past decade, RNA-seq has become an indispensable tool for transcriptome-wide analysis of 

differential gene expression. Together with improved computational tools for data analysis, 

innovations in RNA-seq technologies are contributing to a better understanding of RNA biology 

and intermolecular interactions that govern RNA function, as well as transcriptional dynamics 

changes driving bacterial response and adaptation, to distinct growth conditions and external 

stimuli [236]. Recently, RNA-seq technology has been successfully applied to clarify some 

molecular mechanisms of pathogenesis in S. agalactiae [110, 116-121]. The first S. agalactiae 

comparative transcriptomic study evidenced several genetic factors (in particular related to the 

lactose metabolism) likely important in adaptation to the bovine environment [116]. In 2018, 

Hooven et al. [120] identified the gene products necessary for S. agalactiae survival in human 

whole blood, and Cook et al. [121] identified novel genes involved in murine vaginal colonization 

by S. agalactiae. The contribute of CRISPR-associated protein-9 to S. agalactiae colonization 

and disease was also investigated by RNA-seq [119]. While these targeted studies provided 

insightful data about specific S. agalactiae adaptive traits, the expression levels of reference 

strains during their normal growth in the laboratory have not yet been systematized. In this study, 

we investigated the global gene expression of S. agalactiae NEM316 during the exponential 

growth phase by RNA-seq. We also performed preliminary assays to understand whether direct 

DNA exposure affects S. agalactiae gene expression.  
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4.2. Materials and methods 

 

4.2.1. Whole genome sequencing of the laboratory reference strain NEM316 

 

All experiments were conducted using the S. agalactiae reference strain NEM316 (ATCC 

12403; genotype: III/ ST23). The reference strain NEM316, maintained in laboratory at -80ºC in 

cryopreservation tubes (Cryoinstant Red, VWR, Belgium), was cultured and submitted to WGS 

as previously described in chapter III. The reads were deposited in the ENA (Bioproject 

PRJEB41294) under the accession number ERR4836035.  

In order to evaluate the genetic differences between the genome of our laboratory 

passaged reference strain and the publicly available genome (GenBank accession number 

NC004368), two strategies were applied: i) de novo genome assembly using INNUca v.4.0.1 

(https://github.com/B-UMMI/INNUca) [182], followed by genome alignment and inspection 

using MAUVE (http://darlinglab.org/mauve/mauve.html) (to inspect for the presence of structural 

changes, such as large indels); ii) reference-based mapping using Snippy v3.2 (to detect SNPs 

and small indels) (https://github.com/tseemann/snippy).  

Clusters of Orthologous Groups (COGs) categories were assigned to the amino acid 

sequences retrieved from the NEM316 NCBI annotation (GenBank accession number 

NC004368) using “cdd2cog” script [237] after RPS-BLAST+ (Reverse Position-Specific 

BLAST) (e-value cut-off of 1e-2), where only the best hit (lowest e-value) and first COG were 

considered. 

 

4.2.2. Bacterial culture for RNA-seq 

 

Bacterial clones of NEM316 were grown in Columbia agar supplemented with 5% sheep 

blood (Biomérieux, Marcy l’Etoile, France) with 5% CO2 for 24 h and then inoculated in Todd 

Hewitt selective media broth (THB) (BD®, New Jersey, USA) that were allowed to incubate 

without shaking at 37ºC, 5% CO2. Cell growth of S. agalactiae strain NEM316 was monitored by 

OD at 600nm (OD600). At OD600=0,6 (exponential growth phase, see Supplementary material 

Figure S4.1) 1 ml of bacterial cells were collected by centrifugation (3000 rpm, 10 min), 

resuspended in 1,8 ml of fresh THB and incubated for 0, 10 and 20 min at 37ºC in the presence 

of 200µl of PBS (used as control). For direct DNA exposure assays, the same procedure was 

performed, with the exception that 2µg/ml of DNA (human DNA extracted from Hela cells, used 
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as a stimulus) was added instead of PBS, and nuclease reaction was stopped by adding EDTA 

(0.5 M, pH 8.0) at 4ºC.  For both conditions, 1 ml of each bacterial culture was collected and 

immediately subjected to high-speed centrifugation (14000 rpm) for 10 min at 4ºC for RNA 

extraction. Note that we intentionally did not treat the bacterial culture from which RNA would 

be extracted with RNAprotectTM Bacteria Reagent (Qiagen, California, USA) because a 

preliminary assay showed that this product degrades S. agalactiae RNA (data not shown).  

 

4.2.3. RNA extraction  

 

RNA was extracted as previously referred [180], with minor changes. Briefly, the cells 

were lysed in 200 µl of Tris-EDTA buffer, pH 8.0, containing 10 U mutanolysin (Sigma-Aldrich, 

St. Louis, USA) and 15 mg/ml lysozyme (Sigma-Aldrich, St. Louis, USA), at 37ºC during 90 

min. The RNeasy mini kit (Qiagen, California, USA) was used according to manufacturer’s 

instructions. Residual contaminant DNA was removed using 30 U RNase-free DNase (Qiagen, 

California, USA), and elution was performed with 40 µl of RNase-free water. RNA yield and 

purity were determined by absorbance measurement at 260 and 280 nm using the Nanodrop 1000 

spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). Extracted RNA was finally 

stored at -80ºC until use. 

 

4.2.4. Bacterial mRNA preparation/purification 

 

Bacterial mRNA was enriched using the Ribo‐ZeroTM rRNA Removal Kit (Illumina, 

California, USA) which removed abundant 16S and 23S rRNA from total RNA. The obtained 

bacterial mRNA was concentrated to a final volume of 14 µl using the RNeasy® MinElute® 

Cleanup Kit (Qiagen, California, USA). The yield and integrity of the enriched mRNA samples 

was assessed with an Agilent Bioanalyzer, where the absence of rRNA readings is indicative of 

the success of rRNA depletion and purity of mRNA. 

 

4.2.5. RNA-seq 

 

Bacterial mRNA-enriched samples were subjected to library construction by TruSeq 

Stranded mRNA sample preparation kit (Illumina, California, USA). The obtained cDNA 
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libraries were subjected to RNA‐seq on a high‐throughput MiSeq Illumina apparatus, targeting 

around 4 M reads per 1 Mbp. Sequence reads (2x75bp) were subjected to quality control and 

subsequently mapped to the S. agalactiae NEM316 genome (as obtained above) using Bowtie2 

[238]. Relative gene expression was quantified and normalized as fragments per kb of CDS per 

million mapped reads (FPKM) using the Cufflinks software (version 2.1.1; 

http://cufflinks.cbcb.umd.edu/). For comparative global gene expression analyses between 

normal growth condition and the “direct DNA exposure”, we applied HTSeq-count 

(https://htseq.readthedocs.io/en/release_0.11.1/count.html#) for read counting and state-of-the-

art software for differential expression analysis (namely, EdgeR and Voom/Limma) using the 

interactive web-tool DEGUST (https://degust.erc.monash.edu/) [239].  

The reads were deposited in ENA (Bioproject PRJEB41294) under the accession numbers 

ERR4836029, ERR4836030, ERR4836031, ERR4836032, ERR4836033, ERR4836034. 

 

4.3. Results and discussion 

 

4.3.1. NEM316 whole genome sequencing  

 

S. agalactiae reference strain NEM316 was isolated 18 years ago [11] and, since then, 

has been maintained in laboratory. As such, in order to prepare RNA-seq assays, NEM316 was 

subjected to WGS to evaluate whether this laboratory passaged strain had significant genetic 

changes in comparison with the publicly available genome [11] (GenBank accession number 

NC004368). Six genome-dispersed mutations were detected, including three small indels and 

three single nucleotide polymorphisms (SNPs), corresponding to three non-synonymous 

mutations (Table 4.1). Among these, we highlight a SNP in relA, which encodes an enzyme 

known to be involved in stringent response and bacterial adaptation to environmental stress 

[120]. In S. agalactiae, relA knockout strains demonstrated decreased expression of β-

hemolysin/cytolysin, an important cytotoxin implicated in facilitating invasion [120]. Although 

the impact of these particular mutations at the transcriptomic level is unknown, we cannot rule 

out the possibility that they reflect events of laboratory adaptation. Notwithstanding, we consider 

a good practice to analyze the genome backbone of strains subjected to gene expression (or other 

in vitro) assays, as a means to provide more complete data required to better interpret and discuss 

the results. 
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Table 4.1 Genomic alterations for S. agalactiae NEM316 maintained in laboratory. 

Mutation 
location a Type Locus tag b 

Old locus 
tag b 

nt (aa) 
change c 

Effect Product 

1313729 insertion 
GBS_RS06735.

pseudogene 
gbs1273 811insAd --- d glucose-1-phosphate 

thymidylyltransferase 

1363940 insertion   CTT > CTTT   

1741404 deletion   
GATATATA 
> GATATA 

  

1839016 SNP GBS_RS09285 gbs1779 
A1077T 

(Glu359Asp) 
Missense 
variant 

Major facilitator superfamily 
transporter 

2001001 SNP GBS_RS10040 gbs1928 
G1952C 

(Trp651Ser) 

Missense 
variant 

bifunctional (p)ppGpp 
synthetase/guanosine-3',5'-

bis(diphosphate) 3'-
pyrophosphohydrolase (relA) 

2129967 SNP GBS_RS10675 gbs2055 A11T 
(Lys4Met) 

Missense 
variant 

arginine repressor 

a Polymorphism location refers to the location in the reference genome: NEM316 (GenBank accession number NC004368) 

b ORFs designations according to reference genome: NEM316 (GenBank accession number NC004368) 
c The nucleotide changes in open reading frames are presented in the 5’ to 3’ direction 
d This locus is a pseudogene in the reference genome (GenBank accession number NC004368) due to a one bp deletion as such 
NEM316 of our laboratory detains the original not truncated allele 

 

4.3.2. NEM316 transcriptomic analyses 

 

The main goal of the present study was to evaluate the global gene expression dynamics 

of NEM316 S. agalactiae strain during the exponential phase using the RNA-seq technology. 

This growth phase is particularly interesting when studying the transcriptional activity because 

most cells in the population are actively dividing and this ensures that the expression of most of 

the S. agalactiae genes is assessed. As such, three time points (0, 10 and 20 minutes) were 

evaluated during the exponential growth phase in THB. 

Firstly, we ranked the S. agalactiae genes by expression level and correlated them with 

the gene functional category (Figure 4.1) (Supplementary material Table S4.1). Huge differences 

in the median expression levels were observed between different gene functional categories 

(Figure 4.1), with the top expressed functional category (“Translation, ribosomal structure and 

biogenesis”) revealing a median expression value that was 55-fold higher than the less expressed 

functional category (“Cell motility”). The top three most expressed functional categories were 

“Translation, ribosomal structure and biogenesis”, “Energy production and conversion” and 

“Posttranslational modification, protein turnover, chaperones”. This result may not be surprising 

as during the exponential growth phase, the cell division rate is maximum and this implicates a 

high demand for proteins playing a role in translation and metabolism. The three functional 

categories with the lowest median expression levels were “Cell motility”, “Intracellular 

trafficking, secretion, and vesicular transport” and “Not assigned/Function unknown”. 
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Figure 4.1 Global gene expression by functional categories. Box plot showing the distribution of gene 
expression levels by functional category, for reference strain NEM16 at the exponential growth phase. 
Values reflect the mean expression level evaluated at three time points (0, 10 and 20 min) during 
exponential growth. Genes with mean expression levels < 1 FPKM were excluded from the analysis. 

 

The analysis of the top-100 genes with highest level of expression at the exponential 

growth phase (Table 4.2) showed that the genes belonging to the functional category “Translation, 

ribosomal structure and biogenesis” were highly represented (46%), with the proportion of genes 

from the remainder functional categories never exceeding 15%. Also, 15 genes with unknown 

function were detected among the highly expressed genes (GBS_RS11490, GBS_RS06375, 

GBS_RS06390, GBS_RS06380, GBS_RS06405, GBS_RS06400, GBS_RS06385, 

GBS_RS06800, GBS_RS11205, GBS_RS03445, GBS_RS10615, GBS_RS06395, 

GBS_RS00250, GBS_RS05190, GBS_RS11525). Although these genes have not been grouped 

into any functional category by RPS-BLAST against the COG database, fine-tune evaluation of 

their putative function based on the new NEM316 genome annotation (released on June 2020), 

plus literature surveys, provided some clues that might justify the observed high expression level. 

This is the case of GBS_RS00250, which is believed to be required for S. agalactiae cell division 

due to its potential role in peptidoglycan cleavage, since it includes a CHAP domain that has been 

associated with peptidoglycan hydrolysis [240]. Disruption of this gene was shown to cause an 

altered cell morphology and an increased susceptibility towards different antibiotics, namely β-

lactam antibiotics [241, 242]. GBS_RS05190, a PASTA domain-containing protein, may also be 
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involved in bacterial cell division as PASTA repeats are known to be key regulators of the 

membrane during bacterial cell division [243]. GBS_RS11205 is a putative holin-like toxin, and 

holins, which are encoded by phages, have been considered responsible for disruption of the 

cytoplasmic membrane to assist endolysins during cell lysis [244]. Although most of these 

proteins are implicated in the bacterial stress response, like GBS_RS06375, GBS_RS06380, 

GBS_RS06405, GBS_RS06400, GBS_RS06385, GBS_RS03445 and GBS_RS06395 [116, 245-

247], others (GBS_RS11490, GBS_RS06390, GBS_RS06800, GBS_RS10615, GBS_RS11525) 

do not have any assigned function, neither any predicted functional domain. 

The functional category “Intracellular trafficking, secretion, and vesicular transport”, 

which belongs to one of the functional categories with the lowest median expression levels, was 

also represented among the top-100 most expressed genes by GBS_RS09920 and GBS_RS00560 

(preprotein translocase subunit YajC and preprotein translocase subunit SecY, respectively). 

The functional category “Signal transduction mechanisms” was represented among the 

top-100 most expressed genes by only one gene, GBS_RS08755, a response regulator 

transcription factor, CovR, known to play a role on virulence gene expression [34, 248]. 

 

Table 4.2 Top-100 most expressed genes by functional category. 

Locus tag a 
Old 

locus tag 
a 

Product b Functional Category c 
Mean 
FPKM 

d 

GBS_RS04310 gbs0782 Elongation factor Tu 
Translation, ribosomal 

structure and biogenesis 
40081 

GBS_RS11490 --- Not assigned 
Not assigned/Function 

unknown 
36837 

GBS_RS06375 gbs1202 Asp23/Gls24 family envelope stress response protein 
Not assigned/Function 

unknown 
32678 

GBS_RS09445 gbs1811 Type I glyceraldehyde-3-phosphate dehydrogenase 
Carbohydrate transport 

and metabolism 
32335 

GBS_RS09575 gbs1836 50S ribosomal protein L34 
Translation, ribosomal 

structure and biogenesis 
26121 

GBS_RS06390 gbs1205 DUF2273 domain-containing protein 
Not assigned/Function 

unknown 
24824 

GBS_RS06380 gbs1203 CsbD family protein 
Not assigned/Function 

unknown 
22768 

GBS_RS06405 gbs1208 
GlsB/YeaQ/YmgE family stress response membrane 

protein 
Not assigned/Function 

unknown 
21825 

GBS_RS11120 --- 50S_ribosomal_protein_L36 
Translation, ribosomal 

structure and biogenesis 
20731 

GBS_RS06400 gbs1207 
GlsB/YeaQ/YmgE family stress response membrane 

protein 
Not assigned/Function 

unknown 
20358 

GBS_RS03205 --- HU family DNA-binding protein 
Replication, 

recombination and repair 
15942 

GBS_RS06385 gbs1204 Asp23/Gls24 family envelope stress response protein 
Not assigned/Function 

unknown 
15927 

GBS_RS00885 --- 50S ribosomal protein L28 
Translation, ribosomal 

structure and biogenesis 
15451 

GBS_RS00525 gbs0071 Type Z 30S ribosomal protein S14 
Translation, ribosomal 

structure and biogenesis 
15276 

GBS_RS03485 gbs0608 Phosphopyruvate hydratase 
Carbohydrate transport 

and metabolism 
13436 
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GBS_RS06800 --- DUF3042 family protein 
Not assigned/Function 

unknown 
12964 

GBS_RS00875 gbs0125 fructose-bisphosphate aldolase 
Carbohydrate transport 

and metabolism 
12483 

GBS_RS11205 --- Putative holin-like toxin 
Not assigned/Function 

unknown 
12444 

GBS_RS01260 --- 30S ribosomal protein S15 
Translation, ribosomal 

structure and biogenesis 
12269 

GBS_RS04595 gbs0839 Phosphocarrier protein HPr 
Carbohydrate transport 

and metabolism 
12076 

GBS_RS03445 --- CsbD family protein 
Not assigned/Function 

unknown 
11868 

GBS_RS00545 gbs0075 30S ribosomal protein S5 
Translation, ribosomal 

structure and biogenesis 
11614 

GBS_RS03385 gbs0587 50S ribosomal protein L19 
Translation, ribosomal 

structure and biogenesis 
11587 

GBS_RS00495 gbs0065 50S ribosomal protein L16 
Translation, ribosomal 

structure and biogenesis 
11233 

GBS_RS10615 gbs2043 DUF1292 domain-containing protein 
Not assigned/Function 

unknown 
11174 

GBS_RS00510 gbs0068 50S ribosomal_protein L14 
Translation, ribosomal 

structure and biogenesis 
11111 

GBS_RS00570 gbs0080 Translation initiation factor IF-1 
Translation, ribosomal 

structure and biogenesis 
10915 

GBS_RS09435 gbs1809 Phosphoglycerate kinase 
Carbohydrate transport 

and metabolism 
10578 

GBS_RS00535 gbs0073 50S ribosomal protein L6 
Translation, ribosomal 

structure and biogenesis 
10415 

GBS_RS07230 gbs1374 50S ribossomal protein L7/L12 
Translation, ribosomal 

structure and biogenesis 
10230 

GBS_RS00515 gbs0069 50S ribosomal protein L24 
Translation, ribosomal 

structure and biogenesis 
10060 

GBS_RS10665 gbs2053 cold-shock protein Transcription 9839 

GBS_RS00505 gbs0067 30S ribosomal protein S17 
Translation, ribosomal 

structure and biogenesis 
9523 

GBS_RS00540 gbs0074 50S ribosomal protein L18 
Translation, ribosomal 

structure and biogenesis 
9357 

GBS_RS00580 gbs0083 30S ribosomal protein S11 
Translation, ribosomal 

structure and biogenesis 
9271 

GBS_RS05090 --- 30S ribosomal protein S20 
Translation, ribosomal 

structure and biogenesis 
9175 

GBS_RS06395 gbs1206 
Alkaline shock response membrane anchor protein 

AmaP 
Not assigned/Function 

unknown 
9153 

GBS_RS00575 gbs0082 30S ribosomal protein S13 
Translation, ribosomal 

structure and biogenesis 
8859 

GBS_RS02085 gbs0337 acetyl-CoA carboxylase biotin carboxyl carrier protein 
Lipid transport and 

metabolism 
8621 

GBS_RS00585 gbs0084 DNA-directed RNA polymerase subunit alpha Transcription 8452 

GBS_RS04600 gbs0840 Phosphoenolpyruvate-protein phosphotransferase 
Carbohydrate transport 

and metabolism 
8379 

GBS_RS00490 gbs0064 30S ribosomal protein S3 
Translation, ribosomal 

structure and biogenesis 
8315 

GBS_RS03355 --- Type B 50S ribosomal protein L31 
Translation, ribosomal 

structure and biogenesis 
8098 

GBS_RS07870 --- 30S ribosomal protein S21 
Translation, ribosomal 

structure and biogenesis 
8026 

GBS_RS09175 gbs1757 30S ribosomal protein S18 
Translation, ribosomal 

structure and biogenesis 
7951 

GBS_RS00555 gbs0077 50S ribosomal protein L15 
Translation, ribosomal 

structure and biogenesis 
7785 

GBS_RS09765 gbs1874 Peroxiredoxin 
Posttranslational 

modification, protein 
turnover, chaperones 

7672 

GBS_RS00590 --- 50S ribosomal protein L17 
Translation, ribosomal 

structure and biogenesis 
7638 

GBS_RS00475 gbs0061 50S ribosomal protein L2 
Translation, ribosomal 

structure and biogenesis 
7591 

GBS_RS07235 gbs1375 50S ribosomal protein L10 
Translation, ribosomal 

structure and biogenesis 
7576 

GBS_RS00520 gbs0070 50S ribosomal protein L5 
Translation, ribosomal 

structure and biogenesis 
7457 

GBS_RS04180 gbs0756 PspC domain-containing protein Transcription 7382 
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GBS_RS04315 gbs0783 Triose-phosphate isomerase 
Carbohydrate transport 

and metabolism 
6956 

GBS_RS00460 gbs0058 50S ribosomal protein L3 
Translation, ribosomal 

structure and biogenesis 
6902 

GBS_RS09450 gbs1812 Elongation factor G 
Translation, ribosomal 

structure and biogenesis 
6790 

GBS_RS04440 gbs0808 Superoxide dismutase 
Inorganic ion transport 

and metabolism 
6587 

GBS_RS09920 gbs1904 Preprotein translocase subunit YajC 
Intracellular trafficking, 
secretion, and vesicular 

transport 
6572 

GBS_RS09180 gbs1758 Single-stranded DNA-binding protein 
Replication, 

recombination and repair 
6519 

GBS_RS09770 gbs1875 Alkyl hydroperoxide reductase subunit F 
Posttranslational 

modification, protein 
turnover, chaperones 

6456 

GBS_RS00560 gbs0078 Preprotein translocase subunit SecY 
Intracellular trafficking, 
secretion, and vesicular 

transport 
6382 

GBS_RS02055 gbs0331 Ketoacyl-ACP synthase III 
Lipid transport and 

metabolism 
6364 

GBS_RS02105 gbs0341 
Acetyl-CoA carboxylase carboxyl transferase subunit 

alpha 
Lipid transport and 

metabolism 
6312 

GBS_RS00480 gbs0062 30S ribosomal protein S19 
Translation, ribosomal 

structure and biogenesis 
6299 

GBS_RS04320 gbs0784 Phosphoglycerate mutase 
Carbohydrate transport 

and metabolism 
6283 

GBS_RS08050 gbs1534 Amino acid ABC transporter ATP-binding protein 
Amino acid transport 

and metabolism 
6171 

GBS_RS02095 gbs0339 Acetyl-CoA carboxylase biotin carboxylase subunit 
Lipid transport and 

metabolism 
6123 

GBS_RS00465 gbs0059 50S ribosomal protein L4 
Translation, ribosomal 

structure and biogenesis 
6070 

GBS_RS04980 gbs0916 Nucleoside-diphosphate kinase 
Nucleotide transport and 

metabolism 
6062 

GBS_RS01325 gbs0210 30S ribosomal protein S9 
Translation, ribosomal 

structure and biogenesis 
5995 

GBS_RS07565 gbs1438 50S ribosomal protein L27 
Translation, ribosomal 

structure and biogenesis 
5926 

GBS_RS02050 gbs0330 MarR family transcriptional regulator Transcription 5924 

GBS_RS04805 gbs0882 F0F1 ATP synthase subunit epsilon 
Energy production and 

conversion 
5896 

GBS_RS05130 gbs0946 FAD-dependent oxidoreductase 
General function 
prediction only 

5876 

GBS_RS00250 gbs0016 CHAP domain-containing protein 
Not assigned/Function 

unknown 
5757 

GBS_RS00455 gbs0057 30S ribosomal protein S10 
Translation, ribosomal 

structure and biogenesis 
5733 

GBS_RS02100 gbs0340 
Acetyl-CoA carboxylase carboxyltransferase subunit 

beta 
Lipid transport and 

metabolism 
5565 

GBS_RS09455 --- 30S ribosomal protein S7 
Translation, ribosomal 

structure and biogenesis 
5501 

GBS_RS00485 gbs0063 50S ribosomal protein L22 
Translation, ribosomal 

structure and biogenesis 
5480 

GBS_RS09760 gbs1873 30S ribosomal protein S2 
Translation, ribosomal 

structure and biogenesis 
5366 

GBS_RS05190 gbs0958 PASTA domain-containing protein 
Not assigned/Function 

unknown 
5360 

GBS_RS02005 gbs0326 ribosome-associated translation inhibitor RaiA 
Translation, ribosomal 

structure and biogenesis 
5352 

GBS_RS04875 gbs0895 
Thiamine pyrophosphate-dependent dehydrogenase E1 

component subunit alpha 
Energy production and 

conversion 
5285 

GBS_RS02080 gbs0336 Beta-ketoacyl-ACP synthase II 
Lipid transport and 

metabolism 
5201 

GBS_RS07760 gbs1477 PI-2a pilus major subunit PilB 
Cell 

wall/membrane/envelope 
biogenesis 

5099 

GBS_RS10710 gbs2062 50S ribosomal protein L32 
Translation, ribosomal 

structure and biogenesis 
5094 

GBS_RS03295 gbs0569 (S)-acetoin forming diacetyl reductase 
Lipid transport and 

metabolism 
5079 

GBS_RS02045 gbs0329 Enoyl-CoA hydratase 
Lipid transport and 

metabolism 
5075 



Chapter IV 

65 

 

GBS_RS00470 gbs0060 50S ribosomal protein L23 
Translation, ribosomal 

structure and biogenesis 
5075 

GBS_RS04800 gbs0881 F0F1 ATP synthase subunit beta 
Energy production and 

conversion 
5029 

GBS_RS08755 gbs1672 Response regulator transcription factor 
Signal transduction 

mechanisms 
5021 

GBS_RS07510 gbs1427 KH domain-containing protein 
General function 
prediction only 

5012 

GBS_RS11525 --- Not assigned 
Not assigned/Function 

unknown 
4975 

GBS_RS07575 gbs1440 50S ribosomal protein L21 
Translation, ribosomal 

structure and biogenesis 
4954 

GBS_RS05135 gbs0947 L-lactate dehydrogenase 
Energy production and 

conversion 
4926 

GBS_RS09460 gbs1814 30S ribosomal protein S12 
Translation, ribosomal 

structure and biogenesis 
4883 

GBS_RS02060 gbs0332 Acyl carrier protein 
Lipid transport and 

metabolism 
4739 

GBS_RS01320 gbs0209 50S ribosomal protein L13 
Translation, ribosomal 

structure and biogenesis 
4733 

GBS_RS09380 gbs1798 30S ribosomal protein S14 
Translation, ribosomal 

structure and biogenesis 
4605 

GBS_RS00530 gbs0072 30S ribosomal protein S8 
Translation, ribosomal 

structure and biogenesis 
4486 

GBS_RS04880 gbs0896 Alpha-ketoacid dehydrogenase subunit beta 
Energy production and 

conversion 
4394 

a ORFs designations according to NEM316 genome (GenBank accession number NC004368) 
b Predicted function according to new genome annotation for NEM316, updated at 07-JUN-2020 (GenBank version NC004368.1) 
c Functional categories classified by RPS-BLAST against the COG database     
d tRNA and rRNA were excluded as their expression levels are biased due to mRNA enrichment procedure 

 

Finally, we were interested in assessing the expression levels of the genes of interest 

(n=47), according to the highlighted throughout this thesis (Chapter III, Supplementary Table 

S3.4) (Figure 4.2). The set includes the seven genes that putatively encode for secreted DNases 

(GBS_RS03720, GBS_RS04825, GBS_RS01045, GBS_RS03490, GBS_RS02295, 

GBS_RS03960, GBS_RS05380) and the genetic PI, that consists of five genes which encode for 

pilus assembly [154], PI-1 (that plays an important role in evasion from host innate immunity) 

(GBS_RS03580, GBS_RS03575, GBS_RS03570, GBS_RS03585 and GBS_RS03565) and PI-

2a (that is specifically involved in adhesion and biofilm formation) (GBS_RS07760, 

GBS_RS07745, GBS_RS07765, GBS_RS07755 and GBS_RS07750) [37, 155-157]. The major 

nuclease, NucA (GBS_RS03720; old locus tag: gbs0661), identified in S. agalactiae NEM316 

by Derré-Bobillot and co-authors [163], presented higher mean expression values (ranked at 

position 520º out of a total of 2169 genes evaluated) than the other DNase genes (Figure 4.2). 

Among the PI genes, PI-2a presented higher mean expression values (ranked between positions 

84º and 718º out of a total of 2169 genes evaluated) than PI-1 coding genes (ranked between 

positions 1058º and 1973º out of a total of 2169 genes evaluated) (Figure 4.2).  

Interestingly, three virulence associated genes were ranked within the top-100 most 

expressed genes, including the PI-2a pilus major subunit PilB (GBS_RS07760) (Figure 4.2). The 

other two genes code for adhesins associated to the glycolytic pathway for energy metabolism; 

they were GBS_RS09445 (Glyceraldehyde-3-Phosphate Dehydrogenase, GAPDH) and 
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GBS_RS03485 (enolase), belonging to “Carbohydrate transport and metabolism” functional 

category [1, 249]. GAPDH is also thought to be involved in macromolecular interactions and 

bacterial pathogenesis, enhancing S. agalactiae virulence. 

 

 

Figure 4.2 Expression level (FPKM units) of genes potentially involved in virulence in reference 
strain NEM316 at exponential growth phase. Genes are grouped according to their predictive function 
in three groups, DNase, PI-1/PI-2a and other coding genes, and displayed by increasing level of expression. 
The values above the bars correspond to the rank position of each gene in the total of 2169 genes evaluated. 

 

4.3.3. NEM316 comparative transcriptomic analysis through exposure to DNA  

 

The scientific interest in S. agalactiae extracellular nucleases increased with the 

discovery, by Brinkmann and colleagues in 2004 [164], that they can disrupt the DNA matrix, 

which constitutes the nuclear backbone of NETs. Indeed, as NETs (also composed by granule 

proteins and histones) [163, 177, 250] are released by neutrophils to degrade virulence factors 

and to kill bacteria, this nuclease-mediated mechanism could play an important role in S. 

agalactiae virulence. Since then, although important knowledge has been acquired about S. 

agalactiae nucleases [128, 138, 163, 200], very little is known about the complex molecular 
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pathways and stimuli triggering the release of DNase’s in vitro and in vivo. Here, we conducted 

preliminary RNA-seq assays to understand whether direct DNA exposure could affect gene 

expression during the exponential growth phase of the DNase producer reference strain 

NEM316. Although a preliminary assay at the transcriptomic level targeting gbs0661 revealed 

no significant expression differences among reference strains NEM316 (DNase producer) and 

2603V/R (DNase non-producer) with and without DNA stimuli (data not shown), we 

hypothesized that exposure to human DNA could trigger differential gene expression in other 

bacterial genes. These genes could potentially be involved in molecular cascades mediating 

DNase release and virulence. However, this hypothesis was not verified, as no differentially 

expressed genes were detected for NEM316 during 20 minutes of the exponential phase (at 37ºC 

in THB), either with or without the presence of human DNA (interactive online data navigation 

is available here: 

http://degust.erc.monash.edu/degust/compare.html?code=b11b5fff2bf525ea465dc450989f351e

#) (Figure 4.3). While this data could suggest that human DNA, as a stimulus, has no impact on 

S. agalactiae transcription, there is a need to test other stimuli as well as other strains. In fact, 

DNases have been shown to be under the control of the extensive regulatory systems in 

streptococci [138] and further work is required to fully understand the complex regulation of the 

expression of DNases. Thus, it would be interesting to perform comparative RNA-seq assays 

involving both high and low DNase producing strains in comparison with DNase non-producers. 

Also, human neutrophils and NETs could possibly be used as stimuli that better mimic the in 

vivo infection environment. On the other hand, testing S. agalactiae strains of human clinical 

origin, from carriage and invasion, might also be of interest. However, we cannot exclude the 

putative role of DNases in enzymatic kinetics, i.e., in the catalytic mechanism, and in their 

activity. 

This preliminary assay consolidated our expectation that follow-up studies are needed to 

disclose the complex molecular pathways (and putative stimuli) triggering the release of DNases. 

The public release of our data (counts per million, logFC and differential expression statistics, 

etc) to the scientific community through an interactive and user-friendly web tool 

(http://degust.erc.monash.edu/degust/compare.html?code=b11b5fff2bf525ea465dc450989f351

e#) might further help future analysis and interpretation of other RNA-seq studies in S. 

agalactiae.  
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Figure 4.3 DEGUST RNA-seq database of NEM316 growing at exponential phase with and without 
DNA exposure. Interactive web tool showing comparative global gene expression analyses between 
normal growth condition and the “direct DNA exposure” of NEM316 exponentially growing during 20 
minutes. 

 

4.4. Conclusion 

 

This study constitutes the first attempt to systematize the expression levels of S. 

agalactiae reference strain NEM316 during their normal growth in the laboratory, namely during 

the exponential growth phase. By providing a comprehensive comparison of gene expression by 

gene functional category and exploring the levels of expression of genes likely associated with 

virulence, our data may constitute a database for future functional studies. Preliminary data 

generated for differential gene expression through DNA exposure suggests the need of further 

studies regarding the impact of NETs in bacteria. 
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Abstract  

 

Bacterial biofilms are an important virulence factor with a vital role in evasion from the 

host immune system, colonization and infection. The aim of the present study was to evaluate in 

vitro the effects of three environmental factors (H+, glucose and human plasma) in biofilm 

formation, by carrier and invasive S. agalactiae strains of ST17 and ST19 sequence types, 

including DNase producers and non-producers. Bacteria ability to assemble biofilms was 

classified based on crystal violet assay. Biofilm formation was also monitored by scanning 

electron microscopy. Depending on the growth medium used, each bacterial isolate could fit in 

different biofilm production categories. Our data showed that optimal conditions for S. agalactiae 

biofilm assembly were reached after 48 h incubation at pH 7.6 in the presence of glucose and 

inactivated human plasma. In the presence of inactivated human plasma, the biofilm biomass of 

ST19 strains experienced a higher increase than ST17 strains. The composition of the extracellular 

polymeric matrix of the three strongest biofilm producers (all from ST17) was accessed by 

enzymatic digestion of mature biofilms and proteins were shown to be the predominant 

component. The detailed identification of the extracellular protein components should contribute 

to the development of new therapeutic strategies to fight S. agalactiae infections. 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Streptococcus agalactiae; biofilms; extracellular polymeric substance matrix; 

DNases 
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5.1. Introduction 

 

Streptococcus agalactiae is an important human pathogen that colonizes the 

gastrointestinal and genitourinary tracts, and a prevailing cause of neonatal morbidity and 

mortality worldwide [123, 168]. 

The infection ability of S. agalactiae relies mainly on three mechanisms: (i) the ability to 

colonize and cross tissue barriers within the host environment, (ii) the capability to evade from 

host defense mechanisms, and (iii) the expression of virulence factors [123, 128]. S. agalactiae is 

capable to adhere to various host cell types, namely epithelial cells of the vagina and the lung, 

endothelial cells and micro-vascular endothelial cells of the blood-brain barrier. One of the most 

critical steps for a successful colonization of the mucosal surface is adhesion to cells and/or 

surface host proteins. Several specific S. agalactiae surface-exposed determinants have been 

shown to contribute for the adhesion to vaginal and cervical epithelial cells, namely the capsule, 

pili and surface proteins, which promote adherence to extracellular matrix constituents such as 

collagen, fibrinogen, fibronectin and laminin [34, 175, 234]. 

Biofilms are sessile microbial communities in which bacteria are covered by a self-

produced matrix of extracellular polymeric substances (EPS) that provides protection from stress 

factors (e.g. antibiotics and host immune defenses). Thus, biofilm assembly by S. agalactiae could 

enhance its pathogenicity and virulence. Knowledge on the composition of the EPS would enable 

the control of bacterial biofilm development and its dispersal. Accordingly, depolymerization and 

degradation of the EPS by several enzymes have been used to investigate its composition [171, 

251-254]. It is now known that the biofilm matrix is composed by numerous polysaccharides, 

proteins and extracellular DNA (eDNA), in proportions that are specific of each 

bacteria/environmental conditions. The level of eDNA seems to be controlled by extracellular 

nucleases, which are also involved in other processes such as the development of the three-

dimensional biofilm structure, the detachment from a mature biofilm, and the utilization of eDNA 

as a nutrient source [255]. DNase production by S. agalactiae human strains from different CCs, 

including CC17 was reported, and suggested an important contribution of DNases to 

hypervirulence [128].  

Several studies followed biofilm formation by different S. agalactiae strains in vitro [126, 

156, 168, 169, 171-174]; however, conflicting data have been reported, namely regarding the 

biofilm-forming capacity of strains from different serotypes, and the correlation between biofilm 

formation and the glucose concentration or the pH value [126, 156, 169, 172]. Significantly higher 

biofilm production was described, under acidic pH conditions, for S. agalactiae colonization 

isolates from pregnant women [126, 172], with the strongest biofilm producing isolates belonging 
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to ST17 [126]. However, lower biofilm formation at low pH values has also been reported [171, 

173, 174].  

S. agalactiae ST17 lineage has been reported as particularly virulent while ST19 has been 

mostly associated with carriage [88, 122]. To explain the leading role of ST17 strains in neonatal 

meningitis, correlation of S. agalactiae invasive capacity with biofilm formation has been 

proposed, and higher frequencies of strong biofilm producers were found among neonatal strains 

in comparison to colonization strains [126, 172]. However, invasive strains belonging to ST17 

and ST19 lineages have also been determined to be weak biofilm formers, while strains isolated 

from asymptomatic carriers were revealed to be strong biofilm producers [170]. These 

contradictory results could be due to different experimental conditions.  

Considering the dispersed and often conflicting results concerning biofilm production by 

S. agalactiae, the aim of the present study was to evaluate biofilm formation under standardized 

experimental conditions. Therefore, several environmental factors (different pH values, 4.5, 7.0 

and 7.6; and the presence or absence of glucose and plasma) [37, 130] were tested. S. agalactiae 

strains from colonization and infection, DNase producers and non-producers, belonging to ST17 

and ST19 lineages, were evaluated for biofilm formation on an abiotic surface (polystyrene). 

Scanning electron microscopy (SEM) technique was used to evaluate the biofilm phenotype, and 

three enzymes, DNase, proteinase K and β-N-acetylglucosaminidase, were used to disperse 

mature biofilms to investigate the composition of the EPS. 

 

5.2. Materials and methods 

 

5.2.1. Strain collection  

 

S. agalactiae reference strains belonging to different genetic lineages were used: 

NEM316 (genotype: III/ST23; ATCC 12403; GenBank accession number NC004368); COH1 

(genotype: III/ST17; GenBank accession number AAJR01000000); 2603V/R (genotype: 

V/ST110; ATCC BAA-611; GenBank accession number NC004116).  

Thirty-eight clinical S. agalactiae strains of human origin (n=18 ST17 and n=20 ST19) were also 

used. This subset of strains was randomly selected from the collections of the Portuguese National 

Institute of Health (Instituto Nacional de Saúde Doutor Ricardo Jorge, INSA, IP) and the Institute 

of Medical Microbiology and Hygiene (IMMH), Ulm University, Germany (Table 5.1). These 

strains have been previously described [42, 87, 128, 256-259]; however, when recently 

performing whole genome multi locus sequence typing (wgMLST) of these strains (Chapter III), 

five were reclassified with new or close ST within the same CC (713-05 and 211/#960, new-ST, 

CC19; 466-06, new-ST, CC17; 5659-05 and 5590-05, ST109, CC17) (Supplementary material 
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Table S5.1). Considering the ST similarity, for the purpose of the present study, the five strains 

were included in the prior ST group. 

 

Table 5.1 S. agalactiae clinical strains. 

Clonal 

Complex 

Capsular 

serotype/ 

genotype 

Number of human colonizing 

strains (n = 30) 

Number of human invasive 

strains (n = 8) 

Number of strains with 

DNase activity (n = 18) 

CC17 III-2 14 4 17 

CC19 

II 0 4 0 

III-1 15 0 1 

V 1 0 0 

 

5.2.2. Biofilm assays 

 

5.2.2.1. Biofilm formation 

 

Biofilm evaluation assays were performed as described by Bandeira and co-authors [260], 

with minor modifications. Briefly, S. agalactiae suspensions were prepared in 0.9% sodium 

chloride from overnight cultures in 5% sheep blood Columbia agar (BioMérieux®, Marcy l’Etoile, 

France) and then ten-fold diluted in THB (BD®, New Jersey, USA) or RPMI-glucose 

(commercially available medium with 4.5 g D-glucose) (Thermo Fisher Scientific®, 

Massachusetts, USA) to a final concentration of 107 CFU/ml. Biofilm experiments were 

performed in 96-well flat-bottom polystyrene cell culture plates (VWR International, 

Pennsylvania, USA) using THB with or without 1% glucose at different pH values (4.5, 7.0 and 

7.6), and RPMI-glucose. Two-hundred microliters of medium-only (THB or RPMI-glucose) were 

used as blank. Two incubation periods were tested (24 and 48 h) to identify the optimal conditions 

for biofilm formation in vitro. Microplates were incubated under static conditions at 37°C/5% 

CO2 for 24 or 48 h. After incubation, the OD600nm of each culture was measured to ensure that 

bacterial cells had reached stationary phase at similar density. Then, each well was vigorously 

washed thrice with sterile distilled water to remove non-adherent bacteria. The attached bacteria 

were stained at RT for 15 min with 100 μl of 0.1% crystal violet (CV), washed thrice with distilled 

water to remove excess dye and allowed to dry at RT. The CV was dissolved in 200 μl of 95% 

ethanol, and OD570nm was accessed using a SpectraMax 340PC (Molecular Devices, California, 

USA). Three independent experiments using four replicates were performed.  
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5.2.2.2. Effect of human plasma on biofilm formation  

 

To test the effect of human plasma on biofilm formation (incubation of 48 h, 37ºC/5% 

CO2), plates were prepared: 

a) As described in section 5.2.2.1 but replacing THB by RPMI-glucose [130] 

supplemented with or without 11% or 15% of heat inactivated fetal bovine serum 

(hiFBS) or inactivated human plasma (IHP) with a fibrinogen concentration of 2.59 

g/L.  

b) Incubating 96-well flat-bottom polystyrene cell culture plates (VWR International, 

Pennsylvania, USA) at 37ºC/5% CO2 for 24 h with 200 μl RPMI-glucose 

supplemented with 15% IHP before proceeding as described in section 5.2.2.1, using 

RPMI-glucose. 

RPMI-glucose medium was used as blank.  

 

5.2.2.3. Interpretation of the results of biofilm formation  

 

Results were interpreted according to Stepanovic and co-authors [261] and required the 

definition of a cut-off value that separated biofilm producing from non-biofilm-producing strains. 

Briefly, the average OD570nm (in this section referred as OD) values were calculated for all tested 

strains and blank. The cut-off value (ODc) was defined as three standard deviations (SD) above 

the mean OD of the blank. Based upon the previously calculated OD values (ODs), results were 

interpreted as follows: ODs ≤ ODc = non biofilm producer (NBP); ODc < ODs ≤ 2 x ODc = weak 

biofilm producer (WBP); 2 x ODc < ODs ≤ 4 x ODc = moderate biofilm producer (MBP); 4 x 

ODc < ODs = strong biofilm producer (SBP). 

 

5.2.2.4. Effect of enzymatic treatment on biofilms 

 

EPS composition was investigated using DNase, proteinase K and β-N- 

acetylglucosaminidase that digest, eDNA, proteins and exopolysacharides, respectively.  

The assays of the enzymatic treatment of biofilms were performed as described 

previously [251], with minor modifications. Briefly, 96-well flat-bottom polystyrene cell culture 

plates (VWR International, Pennsylvania, USA) with S. agalactiae suspensions were prepared as 

described in Section 5.2.2.1 using a medium volume of 200 µL (THB supplemented with 1% 

glucose or RPMI-glucose supplemented with 15% IHP); the plates were incubated for 48 h. Non-

adherent bacteria were removed by vigorous wash thrice with sterile distilled water, before adding 

DNase I (100 µg/ml or 1000 µg/ml) (Qiagen, Germantown, United States) or 100 µg/ml 
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proteinase K (Roche, Penzberg, Germany) solutions in PBS or 1.2 units β-N-

acetylglucosaminidase (Sigma, St. Louis, MO, USA) in acetate buffer pH 5.0. Plates were further 

incubated at 37ºC/5% CO2 for 1h (DNase I and proteinase K) or 2 h (β-N-acetylglucosaminidase) 

as previously described [251, 262, 263]. The culture supernatant of reference strain NEM316 at 

stationary phase, rich in DNases (Supplementary material Figure S5.1), was also tested in a 1:1 

dilution in PBS and incubation at 37ºC/5% CO2 for 1 h. This supernatant was used to evaluate 

putative specificities of streptococcal DNase that could be correlated with biofilm production. 

The NEM316 culture supernatant was obtained during stationary phase in THB supplemented 

with 0.5% yeast extract. The culture was centrifuged (10 min. 1811 x g) (Eppendorf 5810R, 

Hamburg, Germany) and the supernatant was sterilized by filtration through a 0.2 µm diameter 

pore filter (VWR International, Pennsylvania, USA). Biofilms incubated with PBS or acetate 

buffer pH 5.0 were used as negative controls for DNase (DNase I/NEM316 culture supernatant) 

or proteinase K and β-N-acetylglucosaminidase, respectively. After incubation, wells were 

washed once with sterile distilled water and stained for 15 min with 100 µL 0.1% CV at RT and 

further processed for biofilm evaluation as described under 5.2.2.1. 

 

5.2.2.5. Scanning Electron Microscopy 

 

Biofilms assembled on polystyrene for 48 h were processed as previously described [251, 

260] for SEM in topographic mode with minor modifications. Biofilms were fixed with 4% 

paraformaldehyde in PBS (Sigma, St Louis, MO, USA) for 15 min at RT, washed with PBS and 

post-fixed in 1% osmium tetroxide (EMS, Hatfield, PA, USA) in PBS for 90 min on ice protected 

from light. Samples were washed twice with PBS and twice with water for 10 min each, before 

dehydration being performed with 25, 50, 70, 80 and 95% ethanol solutions for 15 min each, and 

twice with absolute ethanol (Merck) for 30 min at RT. Samples were mounted on the sample 

holder with carbon tape (EMS), sputter-coated with carbon (20 nm) using a Sputter Coater QISOT 

ES (Quorum Technologies, Laughton, UK) and analyzed under an electron microscope, JSM-

7100F (JEOL, Tokyo, Japan). 

 

5.2.3. Statistical analysis 

 

Statistical analysis of biofilm formation by S. agalactiae strains was performed with 

GraphPad (GraphPad Software, San Diego, CA). The significance of differences in the relative 

amounts of biofilm produced by the different S. agalactiae strains under each test condition was 

assessed by Paired T test, Wilcoxon matched-pairs signed rank test, Mann Whitney test or 

Kruskal-Wallis test. Significance was assigned to P values < 0.05. 
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5.3. Results  

 

5.3.1. Biofilm assays – effect of glucose, pH and human plasma 

To define the optimal conditions for in vitro biofilm formation, the time of incubation in 

THB (starting pH, 7.6), in the presence or absence of 1% glucose, was tested. The production of 

biofilm by S. agalactiae strains in THB (supplemented or not with 1% glucose) was significantly 

higher for 48 h than for 24 h (P < 0.0001). A similar variation in biofilm biomass was observed 

for biofilms formed in THB supplemented with 1% glucose vs not supplemented (P < 0.0001). 

All strains produced more biofilm in THB supplemented with 1% of glucose (in comparison with 

non-supplemented THB), and this increase was higher for strains belonging to the hypervirulent 

ST17 clone (P < 0.0001), namely for strains classified as strong biofilm producers (1234-05; 

1392-05; 1532-07). 

The ability of the 38 S. agalactiae strains to develop biofilm on polystyrene surfaces was 

also evaluated after 48 h (using THB supplemented with 1% glucose) at different pHs (4.5, 7.0 

and 7.6). Firstly, to explore the influence of pH on S. agalactiae growth, NEM316, COH1 and 

2603V/R reference strains were grown in THB supplemented with 1% glucose at pH 4.5, 7.0 and 

7.6. Typical bacterial growth curves were observed at pH 7.0 and 7.6 but not at pH 4.5, for which 

growth was reduced (data not shown). Biofilm biomass in THB supplemented with 1% glucose 

at pH 4.5, 7.0 and 7.6 significantly varied (P < 0.0001), and a general decrease in biofilm 

formation was observed under acidic and neutral-pH conditions, in comparison with slightly 

alkaline pH 7.6. At pH 4.5 and 7.0, independently of the ST, all S. agalactiae strains were 

classified as WBP. At pH 7.6, WBP and MBP strains were identified for both STs, but only ST17 

included strains classified as SBP (Table 5.2). In fact, 61% of ST17 strains were classified either 

as MBP or SBP (11/18) and 39% as WBP (7/18), contrasting with only 40% of MBP (8/20) and 

60% of WBP (12/20) for ST19 strains. A statistically significant difference (P = 0.044) between 

biofilm formation by ST17 and ST19 strains was only verified at pH 7.6, once again with higher 

increase of OD570nm for the three SBP strains (1234-05; 1392-05; 1532-07). 
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Table 5.2 48 h-old biofilms of S. agalactiae ST17 and ST19 strains in THB supplemented with 

1% glucose at pH 7.6. 

Sequence type Biofilm assembly 

category a 

Isolates 

(n / %) 

ST17 

(n=18) 

Week 7 (38.9 %) 

Moderate 8 (44.4 %) 

Strong 3 (16.7 %) 

ST 19 

(n=20) 

Week 12 (60.0 %) 

Moderate 8 (40.0 %) 

Strong 0 

a Biofilm assembly was classified according to Stepanovic and colleagues [261] 

 

In order to establish experimental conditions that resemble the vaginal environment and 

to investigate the role of fibrinogen in biofilm formation by S. agalactiae, cell culture medium 

supplemented with IHP was also tested. Firstly, the incubation time (24 or 48 h) in RPMI-glucose 

medium was tested, and the amount of biofilm formed for each ST at both incubation periods was 

not significantly different (P = 0.501) (Table 5.3). Biofilm formation by the three reference strains 

(NEM316, COH1 and 2603V/R) was therefore evaluated using RPMI-glucose supplemented with 

11% or 15% of hiFBS or IHP, after a 48 h incubation period. In RPMI-glucose supplemented 

with hiFBS (11% or 15%) all S. agalactiae strains formed a low amount of biofilm and the three 

reference strains formed denser biofilms in the presence of IHP than in RPMI-glucose medium 

only or RPMI-glucose supplemented with hiFBS. In fact, biofilm formation increased 

proportionally to the IHP amount added to RPMI-glucose (Figure 5.1). 

 

Table 5.3 Classification of biofilm assembly by ST17 and ST19 S. agalactiae strains after 24 and 

48h in RPMI-glucose. 

Sequence type 
Biofilm assembly 

category a 

Isolates (n / %) 

24 h 48 h 

ST17 

(n=18) 

Week 8 (44.4%) 7 (38.9%) 

Moderate 7 (38.9%) 8 (44.4%) 

Strong 3 (16.7%) 3 (16.7%) 

ST 19 

(n=20) 

Week 4 (20%) 2 (10%) 

Moderate 14 (70%) 16 (80%) 

Strong 2 (10%) 2 (10%) 

a Biofilm assembly was classified according to Stepanovic and colleagues [261] 
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Figure 5.1 Biofilm formation of S. agalactiae reference strains NEM316, COH1 and 2603V/R. S. 
agalactiae reference strains were allowed to assemble biofilms in RPMI-glucose medium only or with 
addition of either 11% or 15% of hiFBS or IHP for 48 h. Biofilm biomass was determined by CV assay.  
 

Based on these results, the RPMI-glucose medium supplemented with 15% IHP was 

selected to evaluate biofilm formation by ST17 and ST19 S. agalactiae strains (at 48 h, to 

standardize the time of incubation). The effect of IHP on biofilm assembly was tested for two 

conditions: i) IHP added directly to the medium or ii) added to the medium and used to coat the 

polystyrene surface for 24 h before the biofilm assay. Coating of the polystyrene plates with 

RPMI-glucose medium supplemented with 15% IHP during 24 h at 37ºC/5% CO2 seemed to 

decrease biofilm formation. Indeed, a decreasing trend was observed in the biofilm biomass 

assembled on pre-coated surfaces when compared to the control (RPMI-glucose medium only). 

On surfaces coated with IHP, 61% (11/18) of ST17 and 65% (13/20) of ST19 strains were 

classified as NBP (Table 5.4). However, as IHP was added directly with the inoculum the ability 

of ST17 and ST19 strains to form biofilm increased and 92% of S. agalactiae strains (35/38) were 

classified as SBP for both STs (16 ST17, 19 ST19) (Supplementary material Table S5.1).  
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Table 5.4 Effect of IHP on biofilm formation by S. agalactiae ST17 and ST19 strains.  

S. agalactiae biofilm assembly was followed for 48 h on surface conditioned with 15% inactivated 

human plasma (IHP) for 24 h or not. Biofilms were monitored on non-treated surfaces in RPMI-

glucose medium only (control) or supplemented with 15% IHP. For surface conditioned RPMI-

glucose medium only was used. 

a Biofilm assembly was classified according to Stepanovic and colleagues [261] 

 

 

5.3.2. Scanning Electron Microscopy of Biofilms 

 

For S. agalactiae reference strains NEM316 and 2603V/R, biofilm assembly was 

monitored by SEM after 48h incubation in THB supplemented with 1% glucose pH 7.6 and 

RPMI-glucose (Figure 5.2). For NEM316 a mature biofilm with multiple layers was observed in 

THB supplemented with 1% glucose pH 7.6 (Figure 5.2A) whereas in RPMI-glucose a thinner 

phenotype was observed (Figure 5.2B). Nevertheless, for both media, the ability of NEM316 

strain to form biofilm was considerably higher than for 2603V/R strain. Independently of using 

THB supplemented with 1% glucose pH 7.6 (Figure 5.2C) or RPMI-glucose (Figure 5.2D), only 

a few attached bacterial cells organized in a way compatible with an early-stage biofilm.  

 

Sequence type 
Biofilm assembly 

category a 

Isolates (n / %) 

RPMI-glucose  RPMI-glucose+15%IHP (Pre-

conditioning 24 h) 

RPMI-glucose+15%IHP 

ST17 

(n=18) 

Non-producer 0 11 (61.1%) 0 

Week 7 (38.9%) 7 (38.9%) 1 (5.6%) 

Moderate 8 (44.4%) 0 1 (5.6%) 

Strong 3 (16.7%) 0 16 (88.9%) 

ST 19 

(n=20) 

Non-producer 0 13 (65%) 0 

Week 2 (10%) 2 (10%) 1 (5%) 

Moderate 16 (80%) 3 (15%) 0 

Strong 2 (10%) 2 (10%) 19 (95%) 
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Figure 5.2 S. agalactiae biofilms assembled in different conditions. Representative SEM micrographs 
of biofilm assembly by NEM316 (A-B) and 2603V/R (C-D) on polystyrene incubated at 37ºC/5% CO2 for 
48 h are shown. In the two tested conditions, THB supplemented with 1% glucose at pH 7.6 and in RPMI-
glucose, NEM316 was the best biofilm assembler. A well-organized biofilm could be observed in THB 
supplemented with 1% glucose at pH 7.6 (A) and a less strong phenotype was observed in RPMI-glucose 
(B) for NEM316. For 2603V/R only an incipient biofilm was detected in both conditions, THB 
supplemented with 1% glucose at pH 7.6 (C) and RPMI- glucose (D). Scale bar 10 µm. 

 

The CV assay showed a 4-fold increase in OD570nm for NEM316 grown in THB 

supplemented with 1% glucose pH 7.6, in comparison with 2603V/R. For these conditions, 

NEM316 was classified as SBP and 2603V/R as WBP. In RPMI-glucose and RPMI-glucose 

supplemented with 15% IHP, both reference strains were classified as MBP and SBP, 

respectively. The biofilm formed by NEM316 in RPMI-glucose and RPMI-glucose supplemented 

with 15% IHP increased only 1.5- and 2-fold, respectively, when compared to 2603V/R. 

CV assay results showed that the RPMI-glucose medium attenuated the differences in 

biofilm formation between the two strains and the addition of IHP induced an alteration in the 

biofilm phenotype. Comparison of the biofilm assembled by NEM316 in THB supplemented with 

1% glucose pH 7.6 (Figure 5.3A) and in RPMI-glucose supplemented with 15% IHP (Figure 

5.3B), clearly showed an increase of EPS in the last condition, giving rise to denser biofilms. The 

presence of EPS forming “bridges” between bacteria could be observed in Figure 5.3B. 
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Figure 5.3 Effect of inactivated human plasma on S. agalactiae NEM316 biofilms. Biofilm assembly 
by NEM316 on polystyrene incubated at 37ºC/5% CO2 for 48 h in THB supplemented with 1% glucose at 
pH 7.6 (A) and in RPMI-glucose supplemented with 15% IHP (B) were monitored by SEM. Denser 
biofilms, with increased EPS content, were observed for NEM316 when RPMI-glucose supplemented with 
15% IHP (B) was used instead of THB supplemented with 1% glucose at pH 7.6 (A). Scale bar 1 µm. 

 

5.3.3. Correlation of S. agalactiae invasiveness with DNase activity and biofilm formation 

 

A potential relation between the phenotypes of ‘strong biofilm formation’ and ‘virulence’ 

was not observed since no significant difference (P > 0.05) could be observed between the biofilm 

formation capacity of strains from colonizing and infection groups in any of the tested conditions. 

Additionally, a correlation between DNase activity and biofilm formation was also considered. 

Significantly higher (P = 0.035) biofilm formation was observed in THB supplemented with 1% 

glucose for DNase producers strains. Notably, in our experiment, ST17 strains (all DNase 

producers, except 2211-04) seemed to be more prone to assemble biofilms than ST19 strains (all 

DNase non-producers, except 1203-05). Nonetheless, among the 38 strains, only three (1234-05; 

1392-05; 1532-07 - 7.9%; ST17 colonizing strains and DNase producers) could be classified as 

SBP when incubated in THB supplemented with 1% glucose. With the presence of IHP in the cell 

culture medium (RPMI-glucose supplemented with 15% IHP) ST19 strains evidenced higher 

amounts of biofilm when compared with S. agalactiae ST17 strains (P = 0.002). Nonetheless, in 

RPMI-glucose medium only (used as control) 80% of ST19 strains (16/20) were classified as 

MBP.  

For S. agalactiae reference strain NEM316 (ST23, DNase producer), a 4-fold increase in 

OD570nm was observed in THB supplemented with 1% glucose at pH 7.6 when compared with 

2603V/R (ST110, DNase non-producer).  
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5.3.4. Composition of S. agalactiae biofilm EPS 

 

Enzymatic dispersion of biofilms is one of the methods used to elucidate the nature of the 

EPS produced by a specific microorganism [251]. The best conditions to induce biofilm formation 

(48 h incubation; THB supplemented with 1% glucose; RPMI-glucose supplemented with 15% 

IHP) and the three ST17 strains (1234-05; 1392-05; 1532-07) classified as SBP in both conditions 

were selected for evaluation of the EPS composition. To the best of our knowledge, the nature of 

S. agalactiae biofilm EPS is still poorly elucidated, with few reported studies [264]. We 

performed the enzymatic digestion of 48 h old biofilms by proteinase K, DNase (commercially 

available DNase I and DNase secreted by NEM316) and β-N-acetylglucosaminidase. Digestion 

with DNase (DNase I and NEM316 culture supernatant) and β-N-acetilglucosaminidase, did not 

provide significantly different biofilm dispersions (P > 0.05). The major difference in biofilm 

dispersion was observed for proteinase K digestion (Figure 5.4), inducing a significant difference 

(P < 0.05) in biofilm dispersion. The differences between biofilm dispersion in THB 

supplemented with 1% glucose and RPMI-glucose supplemented with 15% IHP could be related 

with the increase of EPS in the last condition. However, these findings suggest that the EPS of S. 

agalactiae biofilms could be richer in proteins than in secreted nucleic acids or 

exopolysacharides. 

 

 
Figure 5.4 The extracellular polymeric substance matrix of S. agalactiae. Analysis of the effect of 
DNase I (100 µg/ml and 1000 µg/ml), culture supernatant from stationary phase of reference strain 
NEM316, Proteinase K (100 µg/ml) and β-N-acetylglucosaminidase (1.2 units) on 48h-old biofilms in THB 
supplemented with 1% glucose (A) and in RPMI-glucose supplemented with 15% IHP (B). A significant 
statistical difference was observed for biofilm dispersion by proteinase K (* P < 0.05). 
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5.4.  Discussion 

 

Biofilm studies are impaired by the lack of standardized methods for microorganisms in 

general [265, 266]. In the case of S. agalactiae, an important limitation of most methods applied 

for biofilm production measurement is that they do not ‘exactly’ mimic in vivo situations, i.e. they 

lack the dynamic host/pathogen interactions [267]. Moreover, tissue culture-treated plates 

supplied by different manufacturers may not provide identical conditions for biofilm cultivation 

and quantification [261]. Thus, the discrepancies in the capacity of S. agalactiae to form biofilm-

like structures in vitro might be explained by the use of different assays and growth conditions. 

Therefore, one of the aims of the present study was to shed light on the influence of environmental 

factors (presence vs absence of glucose and human plasma, and different pH values) in biofilm 

formation by S. agalactiae human strains of ST17 and ST19, from invasion and from colonization, 

DNase-producers and non-DNase-producers. The standardization of protocols for biofilm assays 

and its adoption by the scientific community will allow the comparison of results from different 

laboratories. Furthermore, the analysis of biofilm assembly in conditions that mimic physiological 

features will produce results that are more robust and useful to understand bacterial behaviour in 

vivo [268]. 

Enhanced biofilm formation was observed for all 38 strains after an incubation of 48 h at 

37ºC/5% CO2 with THB supplemented with 1% glucose at pH 7.6 and with RPMI-glucose 

supplemented with 15% of IHP. This result is in accordance with the described by other authors 

[157, 169] who demonstrated that S. agalactiae biofilm formation was induced by the presence 

of 1% glucose in THB. In fact, the composition of the culture medium was considered to be the 

most important factor to influence the ability of bacteria to produce biofilms, under in vitro 

conditions [261]. The effect of glucose on biofilm formation was proposed to be related with 

media acidification, as a consequence of the metabolic production of organic acids [169].  

Concerning the pH, some authors referred that low pH promotes biofilm production [126, 

168, 172]. For S. agalactiae, maximum biofilm formation was estimated to occur after a 48 h 

incubation period [174] and to be influenced by environmental pH changes [234]. The slower 

bacterial growth at a lower pH was proposed to contribute for the lower biofilm biomass observed 

at pH 4.5 when compared to the obtained at pH 7.6 [126, 174]. In vitro reduced S. agalactiae 

biofilm growth at low pH (< 4.5) has been reported [171, 173, 174]. Indeed, an increase in biofilm 

formation was observed for strains grown in THB supplemented with 1% glucose at pH 7.6 in 

comparison to pH 4.5; a similar observation was obtained for pH 7.0. Thus, relatively small pH 

modifications might be enough to induce important changes in biofilm formation. Yang et al. 

[174] described that S. agalactiae survival may be prolonged by growth within a biofilm 

environment (although reduced at low pH), strengthening the protective effect of biofilms. 
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Although S. agalactiae may adhere to vaginal epithelial cells at low pH, as it is part of the female 

genital tract commensal flora [269], it might not produce biofilm under vaginal acidic conditions. 

In fact, Lactobacillus species, an important component of the vaginal microbiota, are believed to 

protect the host from various microbial pathogens by lowering the environmental pH through 

lactic acid production. In addition, during pregnancy, the species diversity within the vaginal 

microbiota is reduced but this also drives to further reduction of the vaginal pH; again, low pH 

seems to have an important protective role against infection for the mother and the fetus [34]. We 

could hypothesize that upon adverse environmental conditions (such as low pH during 

pregnancy), S. agalactiae would not produce biofilm, but could benefit from biofilms developed 

by other microbes to colonize the women vaginal tract.  

Extracellular nucleases are one of the factors involved in the development of the biofilm 

architecture [255]. Recently, DNase production was reported for a high percentage of S. 

agalactiae human strains [128]. For this reason, a possible correlation between DNase activity 

and biofilm formation was evaluated; however, it led to inconclusive results. The best 

performances for biofilm assembly by ST17 (all DNase producers, except one) and ST19 (all 

DNase non-producers, except one) S. agalactiae strains were observed in different conditions. 

Stronger biofilm formation was observed in THB supplemented with 1% glucose for ST17 S. 

agalactiae strains. Whereas incubation with RPMI-glucose supplemented with 15% IHP of ST19 

S. agalactiae strains resulted in higher amounts of biofilm production. The reasons underlying 

this observation are difficult to determine through the present study; however, they might be 

related with the capsular polysaccharide, which promotes binding to human plasma proteins, and 

which is different among ST19 strains (serotypes II, III-1 and V) and ST17 strains (serotype III-

2). This possibility should be further evaluated, namely to refine the selection of serotypes to be 

applied in the development of a vaccine to prevent S. agalactiae invasive infection in neonates, 

elderly and/or immunocompromised people.    

In an attempt to correlate S. agalactiae invasiveness with biofilm formation, the results 

from S. agalactiae ST17 and ST19 colonization and infection strains were compared. However, 

no significant differences in the biofilm biomass could be observed. Nonetheless, the reduced 

number of invasive strains, of both STs, available for the present study could introduce a bias; 

therefore, it would be of interest to evaluate biofilm formation for a larger group of invasive ST17 

and ST19 S. agalactiae strains.  

Regarding EPS composition, the fact that the addition of DNase (DNase I or NEM316 

culture supernatant) to 48h-old biofilms resulted in low biofilm disruption, does not necessarily 

mean the absence of eDNA in the EPS. In fact, Alvim et al. [264] identified eDNA as a common 

component of S. agalactiae biofilms, and eDNA is recognized as a matrix component of most 

biofilms; however, biofilms might resist to DNase action through processes yet to be identified. 
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Okshevksy et al. [252] suggested that other extracellular matrix components replace or 

complement eDNA within the mature biofilm, or that eDNA is bound by another component that 

shields it from enzimatic degradation. For this reason, enzymatic degradation of the EPS should 

combine the activity of enzymes that target polysaccharides and proteins [252].  

The higher amount of biofilm formed by S. agalactiae ST17 and ST19 strains in RPMI-

glucose supplemented with 15% of IHP (compared with the addition of 15% hiFBS to the 

medium) suggests that biofilm formation could be promoted by the protein content of human 

plasma. In 2015, Xia et al. [130] reported a major role for S. agalactiae capsular polysaccharide 

in biofilm formation in the presence of human plasma. In fact, ST17 strains were shown to be 

able to bind to human fibrinogen through a cell wall-anchored glycoprotein (serine-rich repeat, 

Srr2) [130]. Accordingly, in our study, IHP added directly to the medium promoted the formation 

of biofilms. Dispersal of S. agalactiae mature biofilms by Proteinase K, and not by DNase or β-

N-acetylglucosaminidase suggests that proteins could play a major role in biofilm assembly.  

In conclusion, biofilm production for 38 S. agalactiae strains under the same standardized 

in vitro conditions was evaluated and the composition of the EPS of ST17 S. agalactiae strains, 

DNase producers, was addressed. Proteins seem to be a major component of the S. agalactiae 

EPS matrix. In addition, slightly alkaline pH, glucose and plasma supplementation favour biofilm 

formation for ST17 (all DNase producers, with exception of one isolate) and ST19 strains (all 

DNase non producers, with exception of one isolate). No statistical significant correlation 

between biofilm formation and the strain source (colonization or invasive infection), nor with 

DNase production, could be established. Further research on S. agalactiae biofilms is crucial to 

develop new curative approaches, namely new enzymatic therapeutics targeting biofilms 

(avoiding antibiotic overtreatment and resistance), or preventive approaches by the identification 

of potential targets for new vaccines.  
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6. Final overview, concluding remarks and future perspectives 

 

S. agalactiae is commonly isolated from the lower gastrointestinal tract or the lower 

female reproductive tract. Though normally an asymptomatic colonizer in these environments, 

this opportunistic pathogen can cause invasive disease, including pneumonia, sepsis, and 

meningitis. In the 1960’s, this bacterial species emerged as a major cause of neonatal morbidity 

and mortality, and since the 1990’s it has also been highlighted as an agent of invasive infections 

in non-pregnant adults. In order to establish colonization and/or infection, S. agalactiae is able to 

produce several virulence factors, which contribute to host cell attachment, invasion, colonization 

and progression to invasive disease [26, 37, 145, 264].  

The CPS represents one of the most critical virulence factors in S. agalactiae. In 

particular, III/ST17 strains have been considered to constitute an hypervirulent clone commonly 

associated with invasive disease, specifically meningitis, while strains from serotype III/ST19 

have been associated with colonization [37, 88, 145]. In Chapter II the main virulence factors and 

genome characteristics of S. agalactiae that contribute to the epidemiological success of some 

clones, particularly regarding the major pathogenic clone III/ST17, were revised. Although the 

clone III/ST17 is characterized by a specific combination of genetic markers, suggesting that it is 

a stable clone, the acquisition of MGEs encoding antimicrobial resistance has been reported. In 

fact, horizontal gene transfer should play a significant role in S. agalactiae genome evolution, 

contributing to diversity among S. agalactiae strains and to the emergence of new hypervirulent 

clones, namely III/ST17 sublineages [32, 132, 270]. S. agalactiae colonization and infection 

depend largely on the bacterial ability to adhere and persist on mucosal surfaces, where virulence 

factors such as biofilms could facilitate microbial survival and proliferation. The ability to 

produce biofilm has been highlighted as an important virulence trait among S. agalactiae [156, 

157, 168, 173]. The development of the three-dimensional biofilm structure would be controlled 

by extracellular DNases, which were proposed to be involved in the detachment from the mature 

biofilm and in the utilization of eDNA as a nutrient source [255]. Furthermore, extracellular 

DNases should have a major role in bacterial adaptation to the host immune response, contributing 

to the evasion from NET-mediated antimicrobial activity. 

Nuclease activity in S. agalactiae was demonstrated in 1980s by Ferrieri et al. [162], and 

in 2013 the analysis of the genome of S. agalactiae reference strain NEM316 revealed the 

existence of a major nuclease, NucA [163]. The existence of other nucleases in S. agalactiae was 

supported by the residual DNase activity displayed by a nucA mutant and was attributed to one 

or more of the other six putative DNases encoding genes [163]. However, the genomic basis 

underlying DNase activity in S. agalactiae is far from being deciphered, and the exact role of 

DNases during pathogenesis remains to be explored. 
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In Chapter III, a comparative genomic analysis by WGS was performed for a collection 

of ST17 and ST19 human strains, from carriage and infection, presenting different DNase 

production phenotypes. The phenotypic heterogeneity of strains with the same ST was the basis 

to evaluate the background of DNase activity. Thus, a deep characterization of the genetic 

variability among the ‘exception strains’ (ST17 DNase(-) and ST19 DNase(+)) was performed. 

In this regard, Chapter III adds knowledge on S. agalactiae ST17 and ST19 genomes through full 

sequencing and public release of the sequences. The nucA gene and the other six putative DNase 

encoding genes were identified for all strains. Specific alleles were exhibited for nucA by the sole 

ST17 DNase(-) strain, and for one of the other putative DNase genes (gbs0609) by the sole ST19 

DNase(+) strain. Although it is very likely that, besides NucA and other predicted DNases, other 

proteins, namely those involved in their export/secretion, may account for the DNase phenotypic 

differences observed between ST17 and ST19 strains, we speculate that these mutations could 

sustain the distinct DNase phenotype of these two strains. A global examination of the core-

genome allowed to identify core-SNVs or indels that potentially contribute to DNase activity. 

However, the impact of these mutations in DNase enzymatic performance remains undetermined. 

Due to its genomic diversity, S. agalactiae was considered an open pan-genome [11, 111, 112]; 

as such we aimed to identify accessory genes that could discriminate the strains exhibiting a 

different DNase production phenotype. Many of these acquired specific genes have been 

associated with mobile genetic elements. In fact, the ST17 DNase(-) strain was found to harbor a 

unique intact phage with no homology in the available S. agalactiae genome sequences, and a 

transposon homologous to TnGBS2.3. Although this transposon is shared with another ST17 

strain (DNase(+) phenotype), the site of insertion in the DNase(-) strain is located near genes that 

belong to a specialized secretion system (type VII protein secretion system), responsible for 

transport of proteins across the cell membrane to the extracellular environment. This type VII 

protein secretion system has been associated with virulence in Staphylococcus aureus [232]. The 

impact of the transposon insertion in the expression of this system and the link to the DNase non-

producer phenotype could not be determined through the present study, but it surely deserves 

further evaluation. The identification of nine accessory genes among all ST17 DNase(+) strains 

and the observation that none of these loci was present in any of the DNase(-) strains may suggest 

a contribution of these proteins to the lack of DNase activity. Nevertheless, this hypothesis also 

warrants further investigation through functional assays. Overall, we globally characterized the 

genome of S. agalactiae strains from ST17 and ST19 with different DNase phenotypes in an 

attempt to shed some light on the genetic determinants of S. agalactiae associated to DNase 

activity. Despite the need to confirm these data with other S. agalactiae strains of different ST 

and diverse DNase production phenotypes, new data was revealed regarding putative targets to 

be used in future functional studies aiming to clarify the DNase activity. 
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In Chapter IV we performed RNA-seq preliminary assays for evaluating S. agalactiae 

gene expression at exponential growth phase and whether it is affected by the presence of human 

DNA exposure (mimicking NETs). However, no differentially expressed gene was detected for 

NEM316 at the exponential phase as a consequence of the presence of human DNA. Indeed, very 

little is known about the complex molecular cascades mediating DNase release in vitro and in 

vivo and streptococcal DNases have been shown to be under the control of extensive regulatory 

systems [138]. Thus, it would be interesting to test other stimuli and perform comparative RNA-

seq assays involving both high and low DNase producing strains in comparison with DNase non-

producers. Our initial hypothesis for Chapter IV was not confirmed; nevertheless, the global gene 

expression dynamics of NEM316 S. agalactiae strain during the exponential phase could be 

evaluated. As a means to provide the more complete data required to better interpret and discuss 

results, firstly we analyzed the genome backbone of the reference strain NEM316 subjected to 

RNA-seq, to evaluate whether laboratory passaging could induce significant genetic changes 

when comparing with the publicly available genome. Subsequently, genes were ranked by mean 

expression level and grouped by functional category. The exponential phase was chosen because 

it is particularly interesting when studying the transcriptional activity as it ensures that the 

expression of most of the genes is assessed. The functional category “Translation, ribosomal 

structure and biogenesis” represented 46% of the top-100 expressed genes, which is not surprising 

as a high demand for proteins related to translation and metabolism should occur during the 

exponential growth phase. Interestingly, genes not assigned to any functional category were also 

represented among the highly expressed genes. Although most of them seem to be implicated in 

the bacterial stress response, many do not have any assigned function, neither any predicted 

functional domain. We were also interested in the analysis of the mean expression levels of genes 

related to virulence, including those that encode for DNases, PI (involved in adhesion and biofilm 

formation) and other genes included in the virulome characterization described in Chapter III. 

Curiously, nucA and PI-2a genes presented higher mean expression values than the other putative 

DNase and PI-1 genes, respectively. The PI-2a pilus major subunit PilB was ranked in the top-

100 most expressed genes, as well as two genes coding for adhesins. Globally, the results of this 

Chapter represent a first attempt to systematize the expression levels of S. agalactiae reference 

strain NEM316 at exponential phase during their normal growth in laboratory conditions. 

Certainly, it constitutes an important database for further studies. 

 In Chapter V the effect of environmental factors (H+, glucose and human plasma) in 

biofilm formation was evaluated in vitro, under standardized experimental conditions, for ST17 

and ST19 S. agalactiae strains. SEM technique was used to evaluate the biofilm phenotype. We 

also accessed the composition of the extracellular polymeric matrix of the three strongest biofilm 

producers (all from ST17) by enzymatic digestion of mature biofilms. As biofilms should play an 
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important role in S. agalactiae pathogenicity and virulence, the conflicting data reported, 

regarding the biofilm-forming capacity for S. agalactiae strains, justified the need for 

standardization of experimental procedures, which will allow the comparison of results obtained 

in different laboratories. In addition, we aimed to correlate DNase activity and biofilm formation; 

however, no statistical significant correlation could be established. The performances of biofilm 

assembly by ST17 and ST19 S. agalactiae strains were shown to depend on the conditions tested, 

which may be related with the specificities of the capsular polysaccharide, involved in biofilm 

assembly. The composition of the culture medium was considered the most important factor 

influencing the ability of bacteria to produce biofilms under in vitro conditions. In fact, glucose, 

plasma and pH 7.6 were shown to enhance biofilm formation in the present study. Considering 

the pH, minor pH modifications might be enough to induce important changes in biofilm 

formation. Regarding the EPS composition, proteins were shown to be the predominant 

component of the S. agalactiae matrix. These results should contribute to the development of new 

enzymatic therapeutics targeting biofilms during S. agalactiae infections. Overall, optimal 

conditions for S. agalactiae biofilm assembly were determined through this study, contributing 

for the standardization of protocols for biofilm assays. 

 

In conclusion, the findings presented in this Ph.D. thesis should contribute for the 

understanding of the biological role of DNases in S. agalactiae, and provide new insights into 

biofilm formation, genomics and transcriptomics for ST17 and ST19 lineages. The perfect 

knowledge of the determinants for DNase production and the ecological success dissimilarities 

among S. agalactiae strains remains to be understood but may involve genome structures 

highlighted throughout this Ph.D. dissertation.   

 

Several interesting observations arose during the course of this Ph.D. thesis which we 

believe should be further investigated in the near future; specific lines of work would include: 

 

- Clarifying the genetic background of DNases and their biological role integrating 

genomics and transcriptomics data with proteomics, metabolomics and epigenomics. As the 

kinetic measurements should provide a complete and more realistic picture of the dynamics of 

nucleases' catalytic activity, we established a collaboration with a Sweden group for kinetic 

screening of DNases using nucleic acid probes [271]. This study is ongoing at the time this thesis 

was completed; 
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- Understanding the biological role of the genes not assigned to any functional category 

that presented intriguing expression values being among the top-100 most expressed genes for S. 

agalactiae NEM316 at exponential phase (Chapter IV); 

 

- Identifying the molecular determinants underlying ST17 and ST19 best performances for 

biofilm assembly in different conditions. Investigating the role played by the capsular 

polysaccharide in biofilm assembly. 
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Supplementary Table S3.1 S. agalactiae human strains data information. 

Isolate 
ID 

Isolation 
Country 

Year 
Isolation 
Source 

Host 
Gender 

Host Age Disease 
ENA 

Accession 
Sample 

ENA ID 

           

1022-08 Portugal 2008 vaginal/rectal female 33 carrier ERS5323489 PT_GBS0001  

1025-05 Portugal 2005 vaginal/rectal female 29 carrier ERS5323490 PT_GBS0002  

103/#923 Germany 2001-2003 blood/CSF unknown < 3 months invasive  ERS5323491 PT_GBS0003  

1041-08 Portugal 2008 vaginal/rectal female 38 carrier ERS5323492 PT_GBS0004  

1073-06 Portugal 2006 vaginal/rectal female 17 carrier ERS5323493 PT_GBS0005  

114/#928 Germany 2001-2003 blood/CSF unknown < 3 months invasive  ERS5323494 PT_GBS0006  

1174-05 Portugal 2005 vaginal/rectal female 22 carrier ERS5323495 PT_GBS0007  

1203-05 Portugal 2005 vaginal/rectal female 21 carrier ERS5323496 PT_GBS0008  

1232-06 Portugal 2006 vaginal/rectal female 22 carrier ERS5323497 PT_GBS0009  

1234-05 Portugal 2005 vaginal/rectal female 34 carrier ERS5323498 PT_GBS0010  

1237-07 Portugal 2007 vaginal/rectal female 29 carrier ERS5323499 PT_GBS0011  

1251-06 Portugal 2006 vaginal/rectal female 71 carrier ERS5323500 PT_GBS0012  

1295-06 Portugal 2006 vaginal/rectal female 35 carrier ERS5323501 PT_GBS0013  

1343-06 Portugal 2006 vaginal/rectal female 35 carrier ERS5323502 PT_GBS0014  

1344-05 Portugal 2005 vaginal/rectal female 20 carrier ERS5323503 PT_GBS0015  

1392-07 Portugal 2007 vaginal/rectal female 25 carrier ERS5323504 PT_GBS0016  

1434-05 Portugal 2005 vaginal/rectal female 31 carrier ERS5323505 PT_GBS0017  

1532-07 Portugal 2007 vaginal/rectal female 30 carrier ERS5323506 PT_GBS0018  

1562-05 Portugal 2005 vaginal/rectal female 20 carrier ERS5323507 PT_GBS0019  

2211-04 Angola 2004 CSF male < 12 years meningitis ERS5323508 PT_GBS0020  

225-06 Portugal 2006 vaginal/rectal female 25 carrier ERS5323509 PT_GBS0021  

397-05 Portugal 2005 vaginal/rectal female 29 carrier ERS5323510 PT_GBS0022  

450-06 Portugal 2006 vaginal/rectal female 24 carrier ERS5323511 PT_GBS0023  

461-05 Portugal 2005 vaginal/rectal female 20 carrier ERS5323512 PT_GBS0024  

5995-05 Angola 2005 CSF male < 12 years meningitis ERS5323513 PT_GBS0025  

619-08 Portugal 2008 vaginal/rectal female 49 carrier ERS5323514 PT_GBS0026  

646-05 Portugal 2005 vaginal/rectal female 33 carrier ERS5323515 PT_GBS0027  

708-08 Portugal 2008 vaginal/rectal female 23 carrier ERS5323516 PT_GBS0028  

710-08 Portugal 2008 vaginal/rectal female 41 carrier ERS5323517 PT_GBS0029  

724-06 Portugal 2006 vaginal/rectal female 25 carrier ERS5323518 PT_GBS0030  

776-06 Portugal 2006 vaginal/rectal female 59 carrier ERS5323519 PT_GBS0031  

89-05 Portugal 2005 vaginal/rectal female 26 carrier ERS5323520 PT_GBS0032  

95/#916 Germany 2001-2003 blood/CSF unknown < 3 months invasive  ERS5323521 PT_GBS0033  

                   

ID, Identification; CSF, Cerebrospinal Fluid 
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Supplementary Figure S3.1 Phylogenetic relationship of S. agalactiae strains within each ST. Both 
core-genome SNP-based phylogenetic trees were reconstructed using the Neighbor-Joining method [192] 
with the Maximum Composite Likelihood model [193]. Bootstraps values are shown next to the respective 
nodes. 

 

 

Supplementary Figure S3.2 Putative structures of S. agalactiae NucA. For NEM316 (A) and all 33 
strains under study (B), the nuclease domain of NucA, lacking the N-terminal transmembrane secretion 
signal sequence (checked with SignalP-5-0 Server), was used for structure assessment from SWISS-
MODEL web server, using the crystal structure of NucA NEM316 as model [200]. Accordingly, the global 
structure of NucA NEM316 is comprised of a central anti-parallel β-sheet flanked on the ‘front’ face by a 
ββα metal-finger (ββα-Me) motif (comprised of β-strands 7-8 and α-hélix C) that outlines the compact 
active center, while its deepest recess is formed by the core β-sheet (β-strands 4, 9 and 10) [200]. For each 
structure, the proline (in NEM316) or leucine (in all 33 strains) amino acid residues (the only non-
synonymous difference seen between proteins) in β-strand 4 as well as the ‘finger loop’ and the substrate-
binding loop are shown. 
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Supplementary Table S3.2 List of accessory genes exclusive of DNase(-) ST-17 2211-04 strain. 

Product 

Phage integrase Hypothetical protein 

Hypothetical protein Hypothetical protein 

LexA repressor Phage protein 

Transcriptional regulator Phage terminase, small subunit 

Phage antirepressor protein Phage terminase, large subunit 

Hypothetical protein Phage minor capsid protein 

Hypothetical protein Phage minor capsid protein 

Hypothetical protein Hypothetical protein 

Hypothetical protein Hypothetical protein 

Hypothetical protein Hypothetical protein 

Hypothetical protein Hypothetical protein 

Hypothetical protein Hypothetical protein 

Phage recombination protein Bet Hypothetical protein 

Phage protein Phage protein 

Hypothetical protein Putative minor capsid protein - phage associated 

Hypothetical protein Phage minor capsid protein 

Single-stranded DNA-binding protein Phage minor capsid protein 

Phage protein Phage major tail shaft protein 

Hypothetical protein hypothetical protein 

Phage protein Phage protein 

Phage protein Hypothetical protein 

Hypothetical protein Hypothetical protein 

Phage protein Paratox 

Hypothetical protein Phage lysin, N-acetylmuramoyl-L-alanine amidase 
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Supplementary Figure S3.3 Schematic representation of ST17 DNase(-) 2211-04 and DNase(+) 776-
06 transposons. The local of insertion of the transposon for each ST17 strain and the homology to 
TnGBS2.3 (GenBank accession number KC492040.1) are shown. The transposons carried by DNase(-) 
2211-04 and DNase(+) 776-06 are 94% and 98% homologous (99.99% and 99.97% identity) to TnGBS2.3, 
respectively. The ORFs of the transposons are represented by colored arrows. * represents one ORF 
exclusive of the transposon of ST17 DNase(-) 2211-04, while ** represents ORFs absent in transposon 
TnGBS2.3. 

 

 

 

Supplementary Table S3.3 List of virulence factors differently present in DNase(+) ST19 1203-

05. 

     
   ST17 strains ST19 strains 
     

       

Virulence Factors 
NEM316 old 

locus tag a 
2603V/R 

locus tag b 
DNase(-) 
2211-04 

DNase(+) 
(n=14) 

DNase(+)  
1203-05 

DNase(-) 
(n=17) 

       
       
Laminin-binding protein (Lmb) gbs1307 SAG1234   ---  
Serine-rich repeat protein Srr-1 

--- SAG1462 --- --- 
2 smaller 

ORFs  

C5a peptidase gbs1308 SAG1236   ---  
       

a ORFs designations according to NEM316 genome (GenBank accession number NC004368.1) 
b ORFs designations according to 2603V/R genome (GenBank accession number NC004116.1) 
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Supplementary Figure S3.4 Diversity of the CRISPR1 locus in S. agalactiae ST17 and ST19 strains. 
Spacers are represented in arbitrary colored boxes. Arrays are oriented with respect to the trailer (begin) 
sequence located on the right. Strains were arranged according to the CRISPR1 spacer content and grouped 
according to their ST. Strain names, ST and phenotype for DNase activity are given on the left. Major strain 
clusters previously defined for ST17 [104] are shown. 
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Supplementary Table S3.4 Allelic diversity of genes putatively involved in S. agalactiae virulence among 
ST17 and ST19 strains. Due to the massive extent of this table, it was impossible to present it in a printable 
format. Please access the following link to review the table: 
https://zenodo.org/record/4574483#.YD6bhWj7RPY  

 

 

 

 

Supplementary Figure S3.5 Distribution of genes putatively involved in S. agalactiae virulence. The 
core-genome SNP-based phylogenetic tree was reconstructed using the Neighbor-Joining method [192] 
with the Maximum Composite Likelihood model [193]. Bootstraps values are shown next to the respective 
nodes. The 63 genes presented in the figure are previously identified virulence determinants and genes 
identified after querying draft genome sequences against the VFDB [197]. Each line refers to a specific 
isolate and each column to a specific gene. Gene are clustered according to their function. Black squares 
represent gene presence while white areas represent loci not found for specific isolates.  
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Supplementary Table S3.5 Antimicrobial resistance among ST17 and ST19 strains. Due to the massive 
extent of this table, it was impossible to present it in a printable format. Please access the following link to 
review the table: https://zenodo.org/record/4317773#.X9O4n9j7RPY 

 

 

 

 

Supplementary Figure S3.6 Distribution of antibiotic resistance phenotypes and genes in ST17 and 
ST19 S. agalactiae strains. Antimicrobial susceptibility testing was performed by E-test® (minimum 
inhibitory concentration (MIC) determination) or disk diffusion method according to European Committee 
for Antimicrobial and Susceptibility Testing (EUCAST) recommendations using Mueller Hinton agar 
supplemented with 5% defibrinated horse blood and 20 mg/liter of β-NAD (MH-F) (Oxoid, Basingstoke, 
UK). The inducible clindamycin resistance phenotype was identified by the double-disk diffusion method. 
EUCAST breakpoints (V10.0; January 2020) (http://www.eucast.org/clinical_breakpoints/) were used to 
classify strains as susceptible or resistant. For each strain, the presence of antimicrobial resistance genes 
was search by querying the draft genome assembly against the following publicly available reference 
databases using ABRIcate v0.8 (https://github.com/tseemann/abricate): CARD (https://card.mcmaster.ca/), 
ResFinder (http://www.genomicepidemiology.org/), ARG-ANNOT (http://backup.mediterranee-
infection.com/article.php?laref=282&titre=arg-annot) [272] and NCBI AMRFinderPlus 
(http://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/AMRFinder/). For comparative 
purposes, analyses were also performed using trimmed reads whenever that was an option. The 
presence/absence and/or variability of each putative identified hit was confirmed by an assembly-free 
strategy using Snippy 4.6 software (https://github.com/tseemann/snippy), while BLASTp against the nr 
protein sequences database was used to confirm protein functionality. The identified hits were then 
submitted at to PubMLST online platform (http://pubmlst.org/) for allele determination. The predicted 
results were compared with antimicrobial susceptibility testing results. Resistance is represented by black 
squares, while susceptibility in white squares. The gene determinant of resistance is represented in grey 
light squares for each resistant strain, and the different alleles found are represented in numbers (whenever 
it was possible to determine). cMLSB, constitutive macrolide-lincosamide-streptogramin B resistance 
phenotype; iMLSB, inducible macrolide-lincosamide-streptogramin B resistance; M, macrolide resistance 
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Supplementary Figure S4.1 Growth curve of S. agalactiae strain NEM316 at 37ºC. Bacteria were 
inoculated into THB from an overnight culture and growth was monitored by measuring the OD600. Three 
independent experiments were performed. 
 
 
 
 
 

Supplementary Table S4.1 List of genes for which expression values were obtained through RNA-seq for 
NEM316 at exponential growth phase. Due to the massive extent of this table, it was impossible to present 
it in a printable format. Please access the following link to review the table: 
https://zenodo.org/record/4243111#.X6Hpooj7RPY 
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Supplementary Table S5.1 Characterization of S. agalactiae clinical strains.  

    

  

Biofilm formation with various media (48h 

incubation) 

Strain 

 

Origin 

Carrier/ 

Infection 

Capsular  

serotype/genotype 

Sequence 

Type 

DNase 

activity THB 

THB+1%

Glucose 

RPMI-

glucose+15%IHP 

2211-04 Human I III-2  NP WBP WBP SBP 

397-05 Human C III-2  P WBP MBP SBP 

646-05 Human C III-2  P WBP WBP SBP 

1025-05 Human C III-2  P WBP MBP SBP 

5590-05 Human I III-2  P WBP WBP SBP 

5659-05 Human I III-2  P WBP WBP SBP 

5995-05 Human I III-2  P WBP WBP SBP 

1234-05 Human C III-2  P MBP SBP SBP 

1344-05 Human C III-2 ST17 P WBP MBP SBP 

466-06 Human C III-2  P WBP MBP SBP 

776-06 Human C III-2  P WBP MBP SBP 

1073-06 Human C III-2  P WBP MBP SBP 

1232-06 Human C III-2  P WBP MBP MBP 

1295-06 Human C III-2  P WBP WBP WBP 

1343-06 Human C III-2  P WBP MBP SBP 

1392-07 Human C III-2  P MBP SBP SBP 

1532-07 Human C III-2  P MBP SBP SBP 

708-08 Human C III-2  P WBP WBP SBP 

89-05 Human C V  NP WBP WBP WBP 

461-05 Human C III-1  NP WBP WBP SBP 

713-05 Human C III-1  NP WBP WBP SBP 

1174-05 Human C III-1  NP WBP WBP SBP 

1203-05 Human C III-1  P WBP WBP SBP 

1434-05 Human C III-1  NP WBP WBP SBP 

1562-05 Human C III-1  NP WBP WBP SBP 

225-06 Human C III-1  NP WBP WBP SBP 

450-06 Human C III-1  NP WBP MBP SBP 

724-06 Human C III-1 ST19 NP WBP MBP SBP 

1251-06 Human C III-1  NP WBP WBP SBP 

1237-07 Human C III-1  NP WBP MBP SBP 

619-08 Human C III-1  NP WBP WBP SBP 

710-08 Human C III-1  NP WBP MBP SBP 

1022-08 Human C III-1  NP WBP WBP SBP 

1041-08 Human C III-1  NP WBP WBP SBP 

95/#916 Human I II  NP WBP MBP SBP 

103/#923 Human I II  NP WBP MBP SBP 

114/#928 Human I II  NP WBP MBP SBP 

211/#960 Human I II  NP WBP MBP SBP 

C, Carrier; I, Infection; P, Producer; NP, Non-producer; THB, Todd Hewitt Broth; IHP, Inactivated Human Plasma; WBP, Weak 
Biofilm Producer; MBP, Moderate Biofilm Producer; SBP, Strong Biofilm Producer  
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Supplementary Figure S5.1 Quantitative DNase assays displaying differential DNase activity between 
commercial DNase I and culture supernatant from stationary phase of reference strain NEM 316.  
1 µg of DNA (amplicon atr) incubated with DNase I (100 µg/ml) (Qiagen, Germantown, United States) or 
S. agalactiae culture supernatant for 1h, 2h, 4h, overnight at 37°C. Fluorescent PicoGreen dye (Invitrogen) 
was used to quantify the dsDNA.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


