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Streptococcus pneumoniae remains a major agent of invasive diseases, especially in children and the elderly. The presence of pneumococcal capsule, pneumococcal surface protein A (PspA), and pilus type 1 (PI-1) and the ability of colony phase variation are assumed to play important roles in the virulence potential of this microorganism. Differences in the capsular polysaccharide allow the characterization of more than 90 pneumococcal serotypes; among them, serotype 14 and serogroup 9 stand out due to their prevalence in the pre- pneumococcal conjugate vaccine era and frequent association with penicillin non-susceptibility. Here we investigated the distribution of PI-1 and pspA genes and colony phase variants among 315 S. pneumoniae isolates belonging to serotype 14 and serogroup 9, recovered over 20 years in Brazil, and correlated these characteristics with penicillin susceptibility and genotype as determined by multilocus sequence typing. All strains were shown to carry pspA genes, with those of family 2 (pspA2) being the most common, and nearly half of the strains harbored P1-1 genes. The pspA gene family and the presence of PI-1 genes were conserved features among strains belonging to a given clone. A trend for increasing the occurrence of pspA2 and PI-1 genes over the period of investigation was observed, and it coincided with the dissemination of CC156 (Spain9V-3) clone in Brazil, suggesting a role for these virulence attributes in the establishment and the persistence of this successful clone. Opaque variant was the colony phenotype most frequently observed, regardless of clonal type. On the other hand, the transparent variant was more commonly associated with penicillin-non-susceptible pneumococci and with strains presenting evidence of recombination events involving the genes coding for polysaccharide capsule and PspA, suggesting that pneumococcal transparent variants may present a higher ability to acquire exogenous DNA. The results bring to light new information about the virulence potentials of serotype 14 and serogroup 9 S. pneumoniae isolates representing the major clones that have been associated with the emergence and the dissemination of antimicrobial resistance in our setting since the late 1980s.
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INTRODUCTION

Streptococcus pneumoniae is a leading cause of invasive infections and can also asymptomatically colonize the upper respiratory tract of variable numbers of individuals (Weiser et al., 2018). The polysaccharide capsule is considered as the major virulence factor of this species, and its antigenic diversity allows the characterization of pneumococcal isolates into more than 90 serotypes (Geno et al., 2015). Additionally, several other virulence factors contribute to the pathogenic potential of this microorganism, including the pneumococcal surface protein A (PspA), which reduces opsonization and clearance of bacteria by the host immune system (Kadioglu et al., 2008), and the pilus type 1 (PI-1), which is believed to mediate the attachment of pneumococci to human epithelial cells and the extracellular matrix (Nelson et al., 2007; Hilleringmann et al., 2008; Iovino et al., 2020). PspA is known to occur in virtually all pneumococcal strains and exhibits polymorphic regions, being classified in three families and six clades (Hollingshead et al., 2000; Croney et al., 2012). The occurrence of PI-1, in turn, seems to be restricted to certain pneumococcal clones (Sjöström et al., 2007; Aguiar et al., 2008; Imai et al., 2011; Selva et al., 2012; Metcalf et al., 2016), but its distribution among pneumococcal isolates circulating in different geographic areas, including Brazil, has not been extensively investigated yet. The virulence of S. pneumoniae is also associated with phase variation, a phenomenon characterized by the expression of two colony phenotypes, opaque and transparent. These variants may differ from each other in multiple virulence-associated characteristics (Li et al., 2016; Li and Zhang, 2019). In addition, PI-1 was shown to have an on/off regulation, which has been associated with phase variation (Basset et al., 2011; Danne et al., 2014).

The efforts led by the Pneumococcal Molecular Epidemiology Network (PMEN) have helped in tracking successful pneumococcal clones disseminated worldwide, which are usually associated with antimicrobial resistance1. In Brazil, we have shown that four major clonal complexes (CC) were responsible for the emergence and the dissemination of antimicrobial resistance among S. pneumoniae strains of serotypes 14 and 9 circulating in the country since the late 1980s (Pinto et al., 2016). Among them, three are related to PMEN clones, including CC156 (related to Spain9V-3), CC66 (related to Tennessee14-18), and CC15 (related to England14-9), while the fourth, namely CC5401, is characterized as a regional clone. Despite the importance of such CCs in the dissemination of antimicrobial resistance, little is known about other characteristics that could potentially influence their pathogenic potential. Therefore, in the present study, we have evaluated the distribution of three virulence-associated characteristics (presence of pspA and PI-1 coding genes, as well as colony phase variation phenotypes), among S. pneumoniae isolates belonging to major clones of serotype 14 or serogroup 9 circulating in Brazil, which were recognized to be responsible for the emergence and the expansion of penicillin non-susceptibility in our setting.



MATERIALS AND METHODS


Bacterial Strains

A total of 315 S. pneumoniae isolates were investigated, encompassing 216 of serotype 14 and 99 of serogroup 9. All the isolates were previously characterized regarding capsular type, antimicrobial susceptibility profile, and multilocus sequence typing (Pinto et al., 2016). A number of them (89 isolates) were also previously characterized by multiple locus variable-number tandem repeat (VNTR) analysis (MLVA; Costa et al., 2016).

In addition, reference strains belonging to five worldwide disseminated pneumococcal lineages (Spain9v-3 ST156, England14-9 ST9, Tennessee14-18 ST67, Netherlands14-35 ST124, and Netherlands15B-37 ST199), characterized by the PMEN1 were included. Such lineages were previously shown to be associated with certain isolates included in the present study (Pinto et al., 2016).



pspA Typing

The determination of pspA gene type was carried out by PCR as previously described (Pimenta et al., 2006), with a modification in the MgCl2 concentration (used at 3 mM in all PCR mixtures in the present study). Bacterial DNAs were obtained by using the Chelex® 100 resin (Bio-Rad Laboratories, United States) as previously described (Pinto et al., 2013).

pspA typing (pspA1, pspA2, and pspA3) was performed for all 315 isolates included in the study by using specific primers for family 1 (LSM12 and SKH63, Swiatlo et al., 1997; Vela-Coral et al., 2001), family 2 (LSM12 and SKH52, Swiatlo et al., 1997; Vela-Coral et al., 2001), and family 3 (SKH41 and SKH42; Hollingshead et al., 2006). The isolates that were not initially amplified using an annealing temperature of 62°C were retested under the same cycling conditions but using annealing temperatures of 58°C and, subsequently, 55°C. The pspA clade (1–6) was determined for a subset of 34 strains selected to represent the most important clones previously detected (Pinto et al., 2016) and required an additional sequencing step after the PCR amplification of the clade-defining region (CDR) using primers LSM12 and SKH2 (Swiatlo et al., 1997; Hollingshead et al., 2000). The amplification products were purified using ExoSAP-IT (Affymetrix-USB, United States) according to the manufacturer’s instructions and were run on an ABI 3130 Genetic Analyzer (Applied Biosystems, United States). The sequences were edited and aligned with BioEdit v7.0.9.0 (Hall, 1999).

The pspA gene families and clades were also determined for the reference strains of the five PMEN clones included in the study. S. pneumoniae reference strains were included as controls for pspA clade 1 (strain BG9739), clade 2 (strain EF10197), clade 3 (strain AC122), clade 4 (strain BG7561), clade 5 (ATCC 6303), and clade 6 (strain BG6380).

The recombination events among pspA genes of 15 S. pneumoniae strains, selected to represent different sequence types (ST) within the clonal complex CC156, were identified in silico using the recombination detection program (RDP) package, which incorporates the RDP, GENECONV, Maxchi, Chimera, 3Seq, Bootscan, and SiSscan programs (Martin et al., 2015), to predict the recombination signals from aligned DNA sequences. The recombination events were scored as significant only if at least three out of seven individual programs in the package identified the events with p < 0.05.



Detection of PI-1 Coding Genes

The presence of PI-1 coding genes was evaluated among all 315 pneumococcal strains included in the study and also among the reference strains of five PMEN clones. Bacterial DNAs were obtained by using the Chelex® 100 resin (Pinto et al., 2013), and the presence of genes associated with PI-1 production was evaluated using the primer set described by Moschioni et al. (2008). Controls for the presence (pneumococcal reference strain TIGR4) and absence (pneumococcal reference strain R6) of PI-1 genes were included in each set of reactions.



Microscopic Observation and Quantification of Pneumococcal Colony Phase Variation

A microscopic examination of pneumococcal colony phase variation was carried out for the 235 strains as previously described (Weiser et al., 1994). Briefly, bacteria were grown on 5% sheep blood agar plates (Plast Labor, Brazil) for 18–24 h at 37°C under 5%-CO2 atmosphere. A single colony of each strain was inoculated onto a plate containing Todd-Hewitt agar (BBL, United States), supplemented with 0.5% yeast extract (Difco, United States), and incubated for 18–24 h at 37°C in 5% CO2. Subsequently, the colonies on each plate were submitted to microscopic examination and were assigned to either opaque or transparent colony morphology by using a stereoscopic microscope equipped with a × 40 magnifying glass (TecNival, Brazil).



Statistical Analysis

The evaluation of the distribution of colony phase variants among penicillin-susceptible and penicillin-non-susceptible strains and also among ST156 and ST162 isolates was carried out by applying the one-way analysis of variance (ANOVA) test. The distribution of colony variants, pspA types, and PI-1 coding genes over the years was investigated by linear regression analysis. GraphPad Prism software v5.0 was used to perform all the statistical analysis and p < 0.05 were considered as significant.



RESULTS AND DISCUSSION

The characteristics of the 315 S. pneumoniae isolates analyzed in the present study are included in Supplementary Table S1.

All 315 isolates harbored pspA genes, demonstrating the wide occurrence of these genes among pneumococcal isolates as previously suggested (McDaniel et al., 1998; Croney et al., 2012; Blumental et al., 2015; Kawaguchiya et al., 2018; Knupp-Pereira et al., 2019). A total of 30.8% (97 isolates) harbored pspA1 genes, while 69.2% (218 isolates) had pspA2 genes. The pspA3 genes were not detected. These observations reinforce the concept that about 98% of the pneumococcal strains circulating worldwide are estimated to belong to families 1 or 2, while the occurrence of family 3 is rare (Ochs et al., 2008; Blumental et al., 2015; Kawaguchiya et al., 2018; Knupp-Pereira et al., 2019). The isolates possessing the pspA1 gene that were submitted to CDR sequencing (10 in total) were included in clade 1, while the pspA2 isolates analyzed (24 in total) belonged to clade 3. Types of pspA genes were highly conserved among strains within each clone (Table 1). The association of CC156 with pspA2 and clade 3 observed in this study has already been detected among isolates from different countries (Melin et al., 2008; Rolo et al., 2009; Sadowy et al., 2010), as well as the association of CC15 with pspA1 and clade 1 (Ito et al., 2007; Melin et al., 2008; Rolo et al., 2009), showing that the PMEN-related clones identified in Brazil share characteristics with those circulating internationally.


TABLE 1. Characteristics of the clonal complexes (CC) and singleton sequence types (ST) of the 315 Streptococcus pneumoniae isolates included in the present study.

[image: Table 1]Around 50% of the isolates (total of 154) had PI-1 genes, and the presence of these determinants varied according to the clone (Table 1). CC156, CC7041, ST7113, and ST7047 were the only genotypes associated with PI-1. Accordingly, previous studies have revealed that PI-1 is harbored by certain pneumococcal clones, especially among the internationally disseminated ST156 (Sjöström et al., 2007; Aguiar et al., 2008; Imai et al., 2011; Selva et al., 2012; Horácio et al., 2016). In turn, CC7041, ST7113, and ST7047 are genotypes described only in Brazil up to date (accessed on April 4th 2020)2, and, thus, their association with PI-1 is being described here for the first time.

Among the five PMEN clones investigated in the present study, all had pspA genes and two harbored PI-1 coding genes, including Spain9V-3 ST156 and Netherlands15B-37 ST199 (Table 2). In general, the reference strains of PMEN clones presented profiles of pspA type and PI-1 genes identical to those of clinical isolates associated with these clones (Table 1). The only exception regarding the presence of PI-1 genes within Netherlands15B-37 ST199 isolates is that, while the respective reference strain harbored PI-1 genes (Table 2), three clinical isolates belonging to ST199 evaluated in the present study did not (Table 1). This finding is in contrast with a previous report indicating the association of PI-1 with clinical isolates belonging to CC199 from Italy (Del Grosso et al., 2013). However, ST199 isolates usually belong to serogroups 15 or 192, and the ones included in the present study were of serotype 14, representing the first serotype 14 variants of this clone to be reported (Pinto et al., 2016). We have also previously shown that these serotype 14 ST199 variants might have been generated by capsular switching events since they were genetically more closely related to strains belonging to serotype 15B than to other isolates of serotype 14 (Costa et al., 2016). Previous studies have indicated that capsular switching events in pneumococci can lead to other simultaneous recombination events spanning a genome region of approximately 750 kb, which includes the capsular locus and the pilus type 1 operon (Sjöström et al., 2007; Croucher et al., 2014; Metcalf et al., 2016); thus, in these serotype 14 ST199 variants, PI-1 coding genes could have been lost during recombination events in the capsular locus that led to serotype switching.


TABLE 2. Profiles of pspA gene types and pilus type 1 coding genes of five reference strains representative of Pneumococcal Molecular Epidemiology Network (PMEN) Streptococcus pneumoniae clones included in the present study.

[image: Table 2]Not all 315 pneumococcal isolates were tested for colony phenotype. Although this represents a limitation of the study, it is expected that the results obtained from the subset of 235 (almost 75% of the total) isolates are highly representative of the total sampling as they were selected to encompass the different variants included in the study. The majority of the 235 pneumococcal isolates submitted to the determination of colony phenotype (128 isolates, 54.5%) consisted of exclusively opaque variants, while 19.6% (46 isolates) were exclusively transparent and 25.9% (61 isolates) presented mixed phenotypes comprising both opaque and transparent variants. The opaque phenotype was the most common overall, corroborating previous observations (Arai et al., 2011). The distribution of opaque and transparent variants did not correlate with pspA types or presence of PI-1 coding genes. The four major clonal complexes included in the study (CC156, CC66, CC15, and CC5401) likewise presented very similar distributions of both opaque and transparent variants, with a slightly higher frequency of transparent variants within CC5401 (Table 3).


TABLE 3. Distribution of colony phase variants among the four major clonal complexes (CCs) of serotypes 9 and 14 Streptococcus pneumoniae isolates included in this study.

[image: Table 3]On the other hand, the distribution of opaque and transparent variants between penicillin-susceptible (PSP) and penicillin-non-susceptible (PNSP) isolates was markedly different, with a significantly higher frequency of transparent variants and a lower occurrence of opaque variants within PNSP isolates (Table 4; p = 0.0126). Similarly, PNSP occurrence among isolates showing the transparent phenotype (56.5%) was much more frequent than among those presenting the opaque phenotype (37.5%). PNSP in this study comprised all isolates that were shown to present penicillin minimal inhibitory concentrations (MIC) ≥0.12 μg/ml (Pinto et al., 2016).


TABLE 4. Distribution of colony phase variants among serotypes 9 and 14 Streptococcus pneumoniae isolates according to the penicillin susceptibility profile.

[image: Table 4]We have shown earlier that the emergence of PNSP and the increment on penicillin MICs among pneumococcal isolates circulating in our setting were mainly due to the introduction of ST156 in the mid-1990s (Pinto et al., 2016). Additionally, it has been suggested that ST156 was derived from a penicillin-susceptible ancestor, the genotype ST162, which is a single-locus variant (SLV) of ST156 (Sjöström et al., 2007). Therefore, although ST156 and ST162, as well as their SLVs, are components of CC156, they can be analyzed as two different subclusters, especially with regard to penicillin susceptibility (Table 1). Interestingly, a significant difference (p = 0.0151) in the distribution of colony phenotypes was also seen between the two subclusters included in CC156 (Table 3). The isolates belonging to subcluster ST156, associated with penicillin non-susceptibility, presented higher and lower frequencies of transparent and opaque variants, respectively, when compared to subcluster ST162. Such observations may indicate a correlation between the transparent phenotype and penicillin non-susceptibility among the pneumococcal isolates investigated, but further studies are required to better elucidate this question.

The opaque phenotype was the most common overall and also within each one of all the clones investigated in this study, except for ST199 isolates, which we have shown to be a probable result of capsular switching events (Costa et al., 2016). Among these three serotype 14 ST199 variants, two were exclusively composed of transparent variants, while the third was composed of a mixed phenotype, indicating that the genotype in which capsular recombination events were assumed to occur was also the only genotype where the transparent phenotype was more frequent.

The association of the transparent phenotype with higher rates of recombination in pspA genes was also detected in this study. Among the 15 pneumococcal isolates submitted to in silico evaluation of recombination events in pspA genes, five had significant signals of recombination; all of them belonged to subcluster ST156 and three were shown to be exclusively composed of transparent variants, while the other two comprised mixed phenotypes. On the other hand, none of the isolates presenting exclusively opaque variants had significant signals of recombination in pspA genes (Table 5).


TABLE 5. Characteristics of the 15 Streptococcus pneumoniae isolates belonging to different subclusters of clonal complex 156 (CC156) submitted to in silico analysis of recombination events in pspA genes by using the recombination detection program software.

[image: Table 5]Although phase variation in pneumococci has been investigated over the past decades, the molecular mechanisms involved in this phenomenon are still unclear (Weiser et al., 1994; Manso et al., 2014; Li et al., 2016; Li and Zhang, 2019). Earlier studies have shown that it appears to be independent of in vitro growth conditions including pH, temperature, and osmolarity (Kim et al., 1999). In addition, genetic analyses have demonstrated that BOX elements (repeat sequences in the pneumococcal genome) can have a role in the frequency of phase variation (Saluja and Weiser, 1995; Li et al., 2016). Many of the 315 pneumococcal isolates included in this study were previously analyzed by MLVA (Costa et al., 2016), a methodology that targets BOX elements. This previous study showed interesting differences in the number of repeat sequences in certain BOX elements between ST156 and ST162 isolates. In the BOX element represented by locus Spneu40, for example, two or three repeats were found in ST162 isolates, while a number of eight repeats were observed in ST156 isolates (Costa et al., 2016).

In the present investigation, an increasing trend for the occurrence of isolates harboring pspA2 and PI-1 genes was observed over the years, in parallel with a decreasing tendency of isolates showing pspA1 genes and the opaque phenotype (Figure 1). These trends might actually reflect the natural fluctuation of clonal complexes over time as it was previously shown that ST156, which is associated with PI-1 and pspA2 genes and a higher frequency of transparent variants, has been increasing steadily in occurrence since the mid-1990s (Pinto et al., 2016). However, changes in the occurrence of PI-1 and PspA families have been observed in the United States after the implementation of the seven-valent pneumococcal conjugate vaccine (Regev-Yochay et al., 2010; Croney et al., 2012). Since this study only included isolates recovered before the introduction of the first pneumococcal conjugate vaccine (10-valent PCV) offered to the general population by the Brazilian public health service, the continuous tracking of these characteristics among isolates obtained in more recent years is required and may reveal the impact of PCV10 in the distribution of virulence-associated characteristics among pneumococci.
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FIGURE 1. Distribution of opaque variants, pspA gene types, and pilus type 1 (PI-1) coding genes among serotypes 9 and 14 Streptococcus pneumoniae isolates investigated in this study over the years. Opaque, isolates with opaque phenotype; pspA1, pspA genes of family 1; pspA2, pspA genes of family 2.


This study highlights data on the virulence potential of serotype 14 and serogroup 9 S. pneumoniae isolates representing the major CCs that have been responsible for the emergence and the dissemination of antimicrobial resistance in our setting since the late 1980s. Particularly, the results indicate that important recombination events involving the genes coding for penicillin-binding proteins (leading to penicillin non-susceptibility), capsule polysaccharide (leading to serotype switching), and PspA are more associated with the transparent variants of pneumococci, which may present an improved ability to acquire exogenous DNA. The evaluation of such virulence-associated characteristics can help to better understand the evolution and the adaptation of pneumococcal clones over the years and, consequently, may be helpful in designing new strategies to prevent pneumococcal diseases.
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