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Abstract


Background: Acute otitis media (AOM) is one of the most common pediatric infections. We aimed to investigate the bacterial profile of AOM in children, the serotype distribution, and the main genetic virulence factors involved in adhesion, immune evasion, and tissue spread. Methods: In total, 121 AOM cases involving children aged 0 to 14 years were studied. Middle ear fluids (MEF) (n = 42) and nasopharyngeal samples (n = 79) were collected. All strains were identified using routine microbiological tests, conventional PCRs and real-time PCR methods. Molecular serotyping was performed for S. pneumoniae and H. influenzae isolates. An immunofluorescence serotyping technique was employed for M. catarrhalis. Target genetic factors were determined for all involved bacterial agents using singleplex or multiplex PCRs. Results: We analyzed 148 nasopharyngeal and MEF. Among 121 AOM cases, a total of 127 bacterial agents were identified, including S. aureus (n = 41), S. pneumoniae (n = 28), H. influenzae (n = 23), M. catarrhalis (n = 19), and S. pyogenes (n = 16). The leading three serotypes among S. pneumoniae were: 19A (18.0%), 6A (14.3%), and 15B (14.3%). 91.3% of H. influenzae isolates were non-typeable (lacking a capsule—NTHi). The M. catarrhalis isolates were distributed in serotypes A (57.9%), B (26.3%), and C (15.8%). Presence of pili type 1 was detected in 21.4% pneumococci, and the fimbrial gene hifA was found in 34.8% of the H. influenzae strains. In 73.6% of the M. catarrhalis strains, ompCD was identified, while 84.2% contained ompE. 62.5% of the S. pyogenes isolates harbored the sdc gene, and 56.2% possessed the sdaD gene, predominantly in the MEF isolates. The cna adhesin was found in 28.0% of the S. aureus strains. Conclusions: The monitoring of bacterial pathogens responsible for otitis media, along with their serotype distribution and the prevalence of genetic factors involved in disease pathogenesis, is essential for public health and can help predict disease severity and treatment options.
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1. Introduction


Acute otitis media (AOM) is among the most prevalent infections in pediatrics, characterized by the presence of fluid inside the middle ear, erythema, and bulging of the tympanic membrane. It is associated with a rapid onset of symptoms such as fever, pain, and irritability. In cases of tympanic membrane perforation, ear discharge may also be noted [1]. In the etiology of AOM, viral and bacterial pathogens are involved, with the most prevalent from the latter category being Streptococcus pneumoniae, non-typeable Haemophilus influenzae, Moraxella catarrhalis, and Streptococcus pyogenes (Streptococcus group A, GAS) [2,3,4]. The risk of developing AOM is affected by numerous factors. Host factors such as young age, genetic factors, male gender, immunodeficiency, adenoid hypertrophy, and recurrent upper respiratory tract infections are the most common. Environmental factors encompass socio-economic status, attendance at day care facilities such as kindergarten and school, presence of siblings, exposure to tobacco, as well as issues related to overcrowding and access to healthcare [5,6,7]. The factors contributing to the pathogenesis of bacterial OM include Eustachian tube dysfunction and increased bacterial density in the nasopharynx [6].



Many structures of the bacterial cell surface (capsular or slime layer, pili, some outer membrane proteins, and lipopolysaccharides) are included in the mediation of the first step of the infectious process—attachment to mucosal eucaryotic cells—and after that, they promote bacterial colonization and biofilm formation [8,9,10,11]. The subsequent progression of inflammatory response, coupled with the release of inflammatory mediators, determines the clinical symptoms of OM, as well as the onset of complications [12]. Investigating the factors of adhesion is crucial for developing effective prevention and treatment strategies [13]. Furthermore, the expression of these factors and their role in biofilm formation may result in recurrent forms of OM. Their accumulation in combination with invasion factors, produced by more virulent strains, is a cause of the development of complications and severe clinical manifestation of infection [14,15,16]. The pili found in Streptococcus pneumoniae (S. pneumoniae) are structures that facilitate adhesion, colonization, and biofilm formation. Two distinct types of pili are known, which are encoded by the pathogenic islets PI-1 and PI-2, respectively. The PI-1 genes encode adhesive molecules (rrgA, rrgB, and rrgC), a transcription factor (rlrA), and sortase enzymes (srtB, srtC, and srtD), whereas PI-2 consists of genes that encode pilus subunits (pitA), a backbone protein (pitB), sortase enzymes (srtG1 and srtG2), and a peptidase (sipA) [17,18,19]. Previous investigations showed that deleting the srt gene from S. pneumoniae disturbs the localization of surface proteins and reduces the bacterium’s adherence to human pharyngeal cells in vitro. Experiments conducted using human brain microvascular endothelial cells, brain vascular pericytes, and astrocytes, analyzed through laser scanning confocal microscopy, revealed that the type I/II pili-positive S. pneumoniae SP007 strain displayed significantly stronger invasiveness into these cells compared to the pilus-free S. pneumoniae ATCC49619 [20,21].



The expression of pili in Haemophilus influenzae (H. influenzae) is regulated by reversible phase variation, enabling spontaneous shifts between a piliated and a non-piliated state. LKP-type fimbriae are associated with the adhesion of H. influenzae to human cells. The hifA encodes the major fimbria subunit that mediates binding to a ganglioside receptor [22,23].



The key components of Moraxella catarrhalis (M. catarrhalis) that promote bacterial colonization and adhesion are the outer membrane proteins CD and E (OMP CD and OMP E) and lipooligosaccharides (LOS). Furthermore, OMP E contributes to the immune response protection, while LOS exhibits endotoxin activity [11,24].



The main factor of virulence in Streptococcus pyogenes (GAS) is the M-protein. This surface adhesin is encoded by the emm gene, and it is involved in adhesion, immune modulation, and tissue invasion. Additional factors in the pathogenesis of GAS infections include deoxyribonucleases (DNases, encoded by sdc and sdaD), mainly involved in the degradation of host DNA in neutrophil extracellular traps and the evasion of the immune response [25,26]. The collagen adhesin, synthesized under the control of the cna gene, is a member of the Staphylococcus aureus (S. aureus) microbial surface components recognizing adhesive matrix molecules (MSCRAMM) family. In addition to its primary role in establishing colonization, it also contributes to the inhibition of complement activation, which leads to the evasion of immune responses and promotes the persistence of the infection [27,28].



Molecular serotyping identifies serotypes based on genetic determinants like serotype-specific genes or gene clusters encoding surface antigens. In comparison with conventional, classic serotyping, which relies on agglutination tests using specific antisera and can sometimes display cross-reactivity, molecular serotyping avoids these inaccuracies associated with phenotypic expression [29,30].



Aim. This study aims to investigate the bacterial profile of AOM in children, including serotype distribution and genetic factors related to the adherence, immune evasion, and tissue spread of otopathogenic bacteria.




2. Materials and Methods


2.1. Study Design


We conduct cross-sectional quantitative research on the bacterial spectrum of 121 AOM cases in children, analyzing the distribution of bacterial causative agents, their serotypes, and key genetic determinants involved in the primary steps of AOM pathogenesis.



Inclusion Criteria: The study included patients aged 1 month to 14 years who exhibited typical clinical signs of acute otitis media (AOM) and were examined and diagnosed by a pediatrician or otolaryngologist in a setting between September 2024 and April 2025. During the initial visit for each child, an otoscopist collected either a middle ear fluid (MEF)/otorrhea specimen or a nasopharyngeal specimen, depending on the severity of the case. All MEF and otorrhea specimens that contained bacteria, even in single colonies, were included in the study.



Exclusion Criteria: Children who have initiated antimicrobial therapy and those who have experienced complications in the lower respiratory tract are excluded from this study. Nasopharyngeal specimens with bacterial isolates present at fewer than 10,000 colony-forming units per milliliter (CFU/mL) are also excluded. This is based on the assumption that a lower count of conditionally pathogenic bacteria may indicate they are merely colonizers of the mucous membranes. Once their numbers reach a critical threshold, they may become responsible for causing an infection.



The collected specimens were sent to the microbiological laboratory along with a questionnaire file that included information for the type of specimen, age, sex, history of AOM episodes, attendance at kindergarten/school, number of siblings, presence of allergic rhinitis, and parental cigarette smoking. Written informed consent was obtained from a parent or legal guardian for all children included in the study. Only one episode of AOM was included per patient. Each coinfected bacterium was counted as an independent unit.




2.2. Specimen Collection


A total of 148 specimens were collected from children with AOM. The nasopharyngeal samples were collected from children with mild OM cases, without rupture of the tympanic membrane and effusion, but in the presence of symptoms including ear pain, hearing difficulties, fever, irritability, and redness. Middle ear fluids (MEFs) were collected in severe AOM cases during an episode of spontaneous perforation of the tympanic membrane or by tympanocentesis.



The MEF collection was conducted using sterile equipment to prevent contamination of the middle ear with microorganisms. Debris, cerumen, or discharge was removed to allow clear visibility of the tympanic membrane for sampling. The aspiration was performed carefully, avoiding contact with the ear canal in order to minimize the risk of specimen contamination, and allowing for the collection of sufficient fluid for culture and PCR testing.



The specimens were collected using a sterile transport flocked swab (Copan Italia S.p.A., Brescia, Italy) and stored at −4 °C until they could be transported to the microbiological laboratory. The transportation of the specimens was either on the same day of collection or the following day.




2.3. Identification of the Bacterial Strains


The specimens were cultivated in Columbia agar with 5% sheep blood, Chocolate agar, McConkey agar, and Sabouraud agar (BD BBL, Becton Dickinson, Franklin Lakes, NJ, USA) at 35 °C, and in the presence of 5–10% CO2 for 24–48 h according to the requirements of the suspected isolates.



The presumptive identification was by conventional microbiological tests. The S. pneumoniae strains were identified with the optochin test and the bile solubility test. For the H. influenzae strains, the oxidase test, Gram stain, satellite growth, requirements on factors X and V, and Remel Rapid NH biochemical identification tests (Thermo Fisher Scientific, Waltham, MA, USA) were performed. The eight biotypes I–VIII of H. influenzae were assigned based on the ability of the isolates to produce indole, urease, and ornithine decarboxylase [31]. The M. catarrhalis isolates were identified using typical Gram morphology, positive tests for catalase, oxidase, indoxyl acetate esterase reactions, and the hockey puck sign. All S. pyogenes isolates were confirmed by colony morphology, beta-hemolysis on blood agar plates, Gram staining, positive pyrrolidonyl-β-naphthylamide (PYR) test, and positive Lancefield group A antigen test (PathoDxtra Strep Grouping Kit, Oxoid™, Thermo Fisher Scientific, Inc., Waltham, MA, USA). S. aureus was presumptively identified, showing typical characteristics, including golden yellow color and hemolysis; microscopic morphology of Gram-positive cocci forming grape-like clusters; catalase and coagulase-positive (Rabbit Plasma; Himedia, India) tests. Detailed biochemical identification was made using the Phoenix (BD, BBL, Beckton Dickinson, Franklin Lakes, NJ, USA ).



All strains were identified by both conventional and PCR tests, using specific primers, which allow a reliable diagnosis.




2.4. DNA Extraction and PCR Detection


For the extraction of genomic DNA, we used 100 µL of the specimens and the MagCore Genomic DNA Bacterial Kit MagCore® Genomic DNA Bacterial kit (RBC Bioscience Corp., New Taipei City, Taiwan), which allows automated extraction using magnetic-particle technology. The kit is suitable for both Gram-positive and Gram-negative bacteria.



The detection of H. influenzae, S. pneumoniae, and M. catarrhalis, with the VIASURE real-time PCR kit (Certest Biotec, Zaragoza, Spain) was done following a protocol of initial denaturation at 95 °C for 2 min, and 45 cycles, with denaturation at 95 °C for 10 s, and annealing at 60 °C for 50 s.



Direct PCR-detection of the S. aureus isolates was confirmed using primers targeting 23S rRNA genes Sau327 5′-GGACGACATTAGACGAATCA-3′ and Sau1645 5′-CGGGCACCTATTTTCTATCT-3′, resulting in an amplicon size of 1318 bp. DNA was amplified after initial denaturation at 94 °C for 5 min, and 35 cycles of denaturation at 94 °C for 2 min, annealing at 57 °C for 2 min, extension at 72 °C for 1 min, and final elongation at 72 °C for 7 min, as described by Gergova et al. [32].



For the PCR-based detection of S. pyogenes (GAS), a multiplex PCR assay was performed using primers for two genes: speB (pyrogenic exotoxin B) and spyCEP (cell envelope protease). The primer sets used for speB were AGACGGAAGAAGCCGTCAGA and TCAAAGCAGGTGCACGAAGC, yielding an amplicon of 952 bp; and GATCCGGCCCATCAAAGCAT and AGCTGCCACTGATGTTGGTG for spyCEP, which produced an amplicon of 786 bp. The PCR amplification was performed with an initial denaturation at 95 °C for 3 min, and 35 cycles of denaturation at 95 °C—35 s; extension at 72 °C—1 min 30 s; annealing at 53 °C for 40 s, and final elongation at 72 °C—7 min, as described by Gergova et al. [33].




2.5. Serotyping


Serotyping of S. pneumoniae was performed with primer sets according to the CDC protocol https://www.cdc.gov/strep-lab/media/pcr-oligonucleotide-primers.pdf, accessed in 10 June 2025. All serotypes that are co-detected were subjected to ultimate identification in the serogroup. Serotypes 6A and 6C are highly similar in the cps locus. For the specific identification of serotype 6C, we targeted the wciNβ gene, yielding a 359 bp product. The primers used in our study were previously reported by Jin et al. (2009) [34]. The PCR amplification of wciNβ was conducted under the following conditions: 94 °C for 15 s, followed by 35 cycles of 95 °C for 30 s, 60 °C for 60 s, and 72 °C for 60 s, concluding with a final extension at 72 °C for 10 min. For the remaining co-identified serotypes (11A/11D; 15A/15F; 15B/15C; 22F/22A and 24F/24A/24B), serotyping with factor antisera was conducted (Statens Serum Institut, Copenhagen, Denmark). A pure bacterial culture was mixed with the solutions containing latex particles coated with specific antisera. A positive test result was indicated by the agglutination of particles within 10 s, leading to the formation of large visible aggregates.



Serotyping of H. influenzae. The PCR-serotyping differentiates the H. influenzae strains into encapsulated and non-capsulated isolates (NTHi) based on the presence or absence of the bexB gene [35]. The product was processed by an initial denaturation step of 2 min at 95 °C, followed by 30 amplification cycles of 95 °C for 30 s, 54 °C for 30 s, and 72 °C for 45 s. All encapsulated strains were determined into new PCR amplifications with six primer pairs in capsule types “a” to “f”, designed by Falla et al. (1994) [36]. The parameters consisted of 25 cycles of 1 min of denaturation at 94 °C, 1 min of annealing at 60 °C, and 1 min of extension at 72 °C, followed by 10 min at 72 °C.



Serotyping of M. catarrhalis. Monoclonal antibodies (MAbs) against the three LOS chemotypes A, B, and C were used for serotyping with an immunofluorescence method. Murine monoclonal antibodies (MAbs), developed in our laboratory using hybridoma technology, were utilized for serotyping [37]. Clones 217H4 and 218A8 are IgG3 isotypes, while clone 219A9 is an IgM isotype. Clone 217H4 reacted exclusively with M. catarrhalis serotype A, and clone 218A8 reacted with serotypes A and C. MAb 219A9 recognized a common epitope on the LOS of all three serotypes. The indirect immunofluorescent technique was performed by coating slides with a bacterial suspension, air-drying, and fixing in methanol. Non-diluted MAb supernatants were added and incubated at 37 °C for one hour. Slides were then washed three times with PBS, incubated with FITC-labeled goat anti-mouse antibody for 30 min, and finally examined with a fluorescent microscope (CH30 Olympus).




2.6. Detection of Genetic Determinants for Adhesion, Destruction, and Tissue Spread Among Bacterial Isolates from Children with AOM


Detection of type 1 and type 2 pili in S. pneumoniae. PCRs were conducted to detect the rlrA gene associated with Pilus islet-1 and the pitB gene for Pilus islet-2, following the methods described by Aquiar et al. (2008) and Bagnoli et al. (2008) [38,39]. The presence of PI-1 was detected by PCR amplification of an internal fragment of the rlrA gene using primers rlrA-F (5′-TCTGATAGATGAGACGCTGTTG-3′) and rlrA-R (5′-CTCCGCTTCTTTCTACTACAAG-3′) [38]. For the detection of PI-2, primers for PCR amplification of conserved regions within the PI-2 were used as follows: PI-2-F (5′-CGTGGGTATCAGGTGTCCTATG-3′) and PI-2-R (5′-TGCAGTGAATAGCTTTTTAAAGAA-3′). The PCR amplification parameters consist of 35 cycles of denaturation at 94 °C for 15 s, annealing at 60 °C for 15 s, extension at 72 °C for 1 min, and final elongation at 72 °C for 5 min.



Detection of fimbriae in H. influenzae. PCR detection was performed to identify the presence of haemagglutinating fimbriae. The target gene was the hifA gene encoding the major subunit of haemagglutinating fimbriae in H. influenzae. The PCR was carried out by an oligonucleotide primer set: TGCTGTTTATTAAGGCTTTAG and TTGTAGGGTGGGCGTAAGCC, described previously by Geluk et al. (1998) [22] in a program of 30 cycles of 95 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min, and final elongation at 72 °C for 8 min. Detection of outer membrane proteins in M. catarrhalis. In M. catarrhalis strains, we examined the outer membrane proteins OMP CD (5′-GTGTGACAGTCAGCCCACTA-3′ and 5′-TTGCTACCAGTGATTACTGA-3′) and OMP E (5′-TTCAACCCTAACCGCAAC-3′ and 5′-TTTGGCGTGATAAGCAAG-3′) with the conditions described previously by Mitov et al. (2010) [14]. The pairs of primers for OMP were amplified in 25 cycles under the following conditions: 30 s at 95 °C, 1 min at 58 °C, and 2 min 30 s at 72 °C, yielding PCR products of 1200 bp for ompCD and 1300 bp for ompE.



Detection of collagen-binding protein in S. aureus. The collagen-binding protein in S. aureus is encoded by the cna gene, and it was detected by PCR amplification with primer set AAAGCGTTGCCTAGTGGAGA and AGTGCCTTCCCAAACCTTTT, and parameters as follows: 30 s at 95 °C, 1 min at 66 °C, and 2 min at 72 °C, resulting in a 192 bp amplicon [40]. Detection of deoxyribonucleases in S. pyogenes. The gene sdc (streptodornase C or deoxyribonuclease C) was amplified with primer set AAGCTTAGAAACTCTCTCGCCA and AGTTCCAGTAATAGCGTTTTTCCGT, resulting in an amplicon size of 600 bp. The primer set used for the amplification of gene sdaD encoding the extracellular deoxyribonuclease (DNase) was TTTACGCTGAATCGGGCACT and GGCTCTGGTTTGCTTTCCCA, yielding an amplicon of 295 bp. The cycling conditions included initial denaturation at 94 °C for 5 min, and 30 cycles: at 94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s, and 72 °C for 5 min, described by Gergova et al. (2019) [15].




2.7. Statistical Analysis


Statistical analyses were conducted using IBM SPSS Statistics for Windows v19.0 (IBM Corp., Armonk, NY, USA).





3. Results


3.1. Studied Population


Our study involved 148 cases, of which 121 cases (81.7%) were positive for pathogenic bacteria using direct PCR methods, and 119 cases (80.4%) were culture-positive. The results from the PCR identification methods and the conventional microbiological identification tests showed very high similarity (98.3%). Only two nasopharyngeal specimens were culture-negative, but the PCR results revealed the presence of bacterial DNA. The remaining 27 cases (18.3%) showed no evidence of bacterial or fungal growth. The demographic data of the 121 children with otitis media are presented in Table 1. The study was conducted on 65.3% nasopharyngeal specimens (n = 79) and 34.7% middle ear fluids/otorrhea specimens (n = 42). Demographic data is presented in Table 1. Clinical and environmental factors associated with the studied AOM cases are summarized in Table 2.



Statistical significance was observed with a p-value of less than 0.05 for the following factors: having siblings, exposure to parental smoking, and the presence of allergic rhinitis in patients.



The majority of patients experienced a first episode of AOM, accounting for 92.5%. Approximately 90.0% of the children attended kindergarten or school. Less than half of the patients (36.3%) reported having siblings. For the small number of patients, the parents declared that they suffer from allergic rhinitis (20.6%). A significant number of the patients were exposed to passive smoking. We measured the interactions between pairs of environmental factors in relation to disease development using the Case-only odds ratio (CO-OR). For all interactions analyzed, we found a positive interaction indicating a synergistic effect, with CO-OR values greater than 1.



	
CO-OR kindergarten/brothers–sisters =1.91



	
CO-OR kindergarten/smoking = 4.98



	
CO-OR brothers–sisters/smoking = 1.06







3.2. Bacterial Investigation


Among all 121 AOM cases, a total of 127 bacterial pathogens were identified, including S. aureus (32.3%, n = 41), S. pneumoniae (22.0%, n = 28), H. influenzae (18.1%, n = 23), M. catarrhalis (15.0%, n = 19), and S. pyogenes (12.6%, n = 16) (Figure 1).



In six children, more than one bacterial representative was found, illustrated in Figure 2.



Among the six identified co-infections, five occurred in children aged between 2 and 6 years, and one case was in a 9-year-old child. In terms of sex distribution, four of the affected children were males, and two were females. All children had siblings, were immunized, and were exposed to parental smoking. One child had a history of allergic rhinitis.




3.3. Molecular Serotyping


3.3.1. Serotyping of S. pneumoniae


The serotyping of S. pneumoniae disclosed eleven distinct serotypes, illustrated in Figure 3. The predominant serotypes were 19A (18.0%), 6A (14.3%), 15B (14.3%), and 6C (10.7%) (Figure 3). All recognized serotypes are non-vaccinal for our country. PCV10 vaccine is included in the Bulgarian mandatory immunization program, and it does not cover these serotypes. Figure 4 lists the serotypes included in the available pneumococcal conjugate vaccines worldwide.



The predominant serotypes 19A, 6A, 15B and 6C accounted for 57.1% of all recognized serotypes among the 28 S. pneumoniae AOM isolates. They were distributed in the examined age groups as follows: 0–2 years of age (18.8%), 3–6 years of age (62.5%), 7–14 years of age (18.8%).



Both the PCV13 and PCV15 vaccines covered 39.2% of these serotypes. The PCV20 and PCV24 vaccines showed coverage for 57.1% of the identified serotypes. The serotypes that do not fall under any of the available pneumococcal conjugate vaccines were 35.7%.




3.3.2. Serotyping and Biotyping of H. influenzae


Capsular typing of H. influenzae. The typing of H. influenzae disclosed that 91.3% of the strains were non-capsular (NTHi) based on the absence of the bexb gene, which is the major gene for the export and expression of its capsule. Only two strains are affiliated with serotype “a”(Figure 5).



Biotyping of H. influenzae. The biotyping distributed the H. influenzae strains into five biotypes. The most predominant were Biotype II, followed by Biotype I, Biotype III, Biotype V, and Biotype VII, illustrated in Figure 6.




3.3.3. Serotyping of M. catarrhalis


The serotyping of M. catarrhalis strains was performed using immunofluorescence with MAbs and revealed that serotype A is the most common among the tested strains (57.9%, n = 11), followed by serotype B (26.3%, n = 5) and serotype C (15.8%, n = 3) (Figure 7).



The predominant serotype A was primarily found in the age group of 3 to 6 years, accounting for 63.6% of cases, followed by 27.3% in the 7 to 14 years age group, and one isolate identified in a 1-year-old child. Serotypes B and C were detected in single isolates from various age groups. We did not observe an association between the distribution of serotypes and the age of the patients.





3.4. Detection of Virulence Factors Associated with Adhesion, Immune Evasion, and Tissue Spread Among the Studied Bacterial Population from Children with OM


A total of 69.6% of the bacterial agents recovered from MEF isolates carried genes for adhesion, biofilm formation, and/or invasion. Among the nasopharyngeal isolates, 53.0% of the otopathogens showed the presence of the examined virulence factors.



3.4.1. Presence of Pili in S. pneumoniae


Pili were detected in 21.4% (n = 6) of the examined pneumococcal strains. PCR analysis revealed the presence of the rlrA gene, which is associated with Pilus islet-1 (Figure 8). Pilus islet-2 was not found in the studied population. The distribution of pilliated strains among serotypes was as follows: 19A (n = 2), 6A (n = 2), 6C (n = 1), and 23B (n = 1). Among the nasopharyngeal samples, two pilliated pneumococcal strains were identified, with the majority found in MEF samples (n = 4). All pilliated strains were isolated from children under the age of 7 (n = 6).




3.4.2. PCR Detection of Fimbriated H. influenzae Isolates


The fimbrial typing was carried out for all encapsulated and non-capsulated variants. Haemagglutinating fimbriae were detected in eight isolates (34.8%), recovered from five MEF isolates and three nasopharyngeal specimens. Fimbrial gene hifA was detected only in NTHi strains. Of the fimbriated isolates, six belonged to biotype II, while two were from biotype I.




3.4.3. Detection of Streptodornases C and D, Promoting Invasion, Among S. pyogenes Strains


The sdc gene was found in 62.5% of the S. pyogenes isolates. The majority of these strains (80.0%) were isolated from MEF samples. The sdaD gene was detected in 56.2% of the isolates, and 77.7% were isolated again from MEF samples; the rest were found among nasopharyngeal strains.




3.4.4. Detection of OMP CD and OMP E Surface-Exposed Outer Membrane Adhesins Among M. catarrhalis


The PCR results revealed the presence of ompE and ompCD genes in 84.2% and 73.6% of the M. catarrhalis strains distributed only in nasopharyngeal samples from all three serotypes A, B, and C.




3.4.5. Detection of the cna Gene in S. aureus


The collagen adhesin protein, encoded by the cna gene, was detected in 29.2% of the isolates, distributed among eight strains isolated from MEF samples and four recovered from nasopharyngeal samples.



The identified genetic determinants among the studied strains are illustrated in Table 3.



The statistical comparison of the distribution of the studied genetic determinants among the bacterial agents and the comparison between the types of the collected specimens disclosed statistical significance at p-value < 0.05 for the DNAases in S. pyogenes, and non-significant results for the presence of pili in S. pneumoniae and H. influenzae. Nevertheless, the percentage distribution among all tested isolates of S. pneumoniae, H. influenzae, and S. pyogenes indicated a higher frequency of the genetic determinants in the MEF samples. Overall, the statistical comparison of the gene frequencies in the MEF isolates (76.2%) versus nasopharyngeal isolates (54.4%) revealed significant results at p = 0.030 for the distribution of the studied genetic determinants among the MEF isolates.



The statistical analysis with confidence intervals (CIs) revealed non-significant results, as the null hypothesis is not rejected, for the distribution of pili among the nasopharyngeal and MEF specimens recovered from pneumococci. The result for fimbriae in H. influenzae was not statistically significant as well, as the 95% CI included the null value.



The CI suggests a clinically meaningful effect for the distribution of DNases in S. pyogenes. It is significantly greater for MEF isolates compared to their distribution in nasopharyngeal samples. Regarding the cna gene identified in nasopharyngeal and MEF S. aureus isolates, the result is not statistically significant.






4. Discussion


In our study, we identified the bacterial profile of acute otitis media (AOM) in children up to 14 years old. Most of the affected children were between 3 and 6 years of age, with both females and males represented. AOM is particularly prevalent in young children due to their anatomical and immune system factors. It is the most common complication of rhinopharyngitis and adenoiditis in children under the age of five, largely because of dysfunction in the Eustachian tube. The causes of AOM include both viruses and bacteria. Viral infections of the upper respiratory tract often occur prior to bacterial AOM, creating an environment that facilitates bacterial overgrowth [1,4,6]. In both nasopharyngeal and middle ear fluids, we found the most prevalent bacteria, cited in different investigations worldwide [3,41]. According to our data, we may summarize that the prevalence of S. pneumoniae, S. pyogenes, and H. influenzae isolates is associated mostly with AOM in children with tympanic membrane perforation and spontaneous otorrhea, where the most common identified bacteria from mild AOM cases were S. aureus, S. pneumoniae, H. influenzae, and M. catarrhalis.



Most of the severe AOM cases occurred in the same age group (3–6 years of age), predominantly among males. Regarding the associated etiological and risk factors for otitis media, attending kindergarten and exposure to passive smoking are thought to be the most important risk factors for OM, followed by having siblings. All these factors are linked to the formation of collective immunity in early childhood and a potentially weakened immune system [7].



We used molecular serotyping for the capsular antigens of S. pneumoniae and H. influenzae strains. The capsule is the primary virulence factor in both pneumococci and H. influenzae. It enables the bacterium to evade host immune responses, particularly phagocytosis and complement-mediated killing, and plays a role in adhering to epithelial surfaces. More than 100 S. pneumoniae capsular serotypes have been identified, but a limited number of them are responsible for invasive diseases and are covered by the available PCVs [42,43].



Almost all children in our study are immunized according to the mandatory immunization schedule in our country, including PCV10 for S. pneumoniae and Hib in the combined vaccine against diphtheria, tetanus, pertussis, polio, and hepatitis B. Fifteen years after the introduction of PCV10 in our country, we observe a dramatic reduction in the incidence of invasive pneumococcal diseases [44]. However, S. pneumoniae remains a leading pathogen in OM cases, specifically with non-vaccinal serotypes. All recognized serotypes in our study were non-vaccinal for our country and predominantly found among children under six years of age. The predominance of serotypes 19A, 6A, and 6C has been discussed in numerous investigations as leading serotypes in different groups of patients with both invasive and non-invasive diseases [45,46,47]. Most of the 19A isolates were reported to be multidrug-resistant clones, clustered in widely spreading clones, like CC320, which is predominant in our country [44]. Multidrug-resistant pathogens can form biofilms in ear tissue, reducing antibiotic effectiveness and presenting significant treatment challenges [48,49]. Serogroup 6 has changed due to capsular switch processes. Serotype 6B was the dominant serotype before the introduction of PCV10 in our country, but now serotypes 6A and 6C prevail. Serotype 6C is also distributed globally, described in many studies from various geographic areas, and it is not included in the formulations of the available pneumococcal vaccines. An emerging serotype in our study was 15B, which ranks as the second most prevalent serotype, and is included in the formulations of PCV20 and PCV24 [50]. We did not find any associations between specific serotypes and disease severity. All serotypes were present in both nasopharyngeal and MEF samples, collected from cases of mild and severe AOM, respectively.



The non-vaccine serotypes of S. pneumoniae can have significant clinical and public health implications. The incidence of these non-vaccine serotypes has increased due to serotype replacement, leading to their successful spread across various geographic areas. The non-vaccine serotypes can vary in terms of virulence, clinical severity, and patterns of resistance [51]. They may influence the distribution of serotypes among nasopharyngeal carriage, as well as non-invasive and invasive disease. The reduced impact of the vaccines may affect herd immunity, antimicrobial resistance, and disease prevention efforts [44,50,51]. The monitoring of serotype-specific trends in antimicrobial resistance and virulence is crucial for public health surveillance. Newly emerging serotypes may lead to an increase in disease cases and could require new strategies for empirical therapy.”



The capsular serotypes of H. influenzae vary from “a” to “f”. The non-typeable H. influenzae strains lack a capsule and are common colonizers of the upper respiratory tract and major causes of otitis media and sinusitis [52,53]. In the post-Hib vaccine era, infections with other capsulated types, including H. influenzae types “a” (Hia) and “f” (Hif), are emerging. Infections due to non-type “b” and NTHi have become relatively more common [52,54,55]. Almost all identified H. influenzae strains in our study were non-capsular. NTHi appeared as a leading AOM pathogen, found both in mild and severe AOM cases. The non-typeable H. influenzae strains can attach to various host proteins, both by adhering to the surface of epithelial cells and by capturing serum factors. These binding interactions assist NTHi to develop a stronger adhesive presence on host cells to mediate colonization or to provide defensive mechanisms like an evasion of the host immune response or biofilm formation. The biotyping reveals an association with particular clinical diagnoses. The biotypes, predominantly associated with OM among children in our study, were Biotype II, followed by Biotype I and Biotype III.



The development of respiratory tract infection, and particularly AOM, is preceded by nasopharyngeal colonization. The transmission, colonization, and invasion of the pathogens depend on their ability to avoid the host’s inflammatory and immune responses [51,56]. In our research, we examined important virulence factors associated with the adhesion, destruction, immune evasion, and tissue spreading as critical steps of otitis media pathogenesis. The pilus plays a significant role in tissue tropism, biofilm formation, modulation of innate immune responses, and overall contribution to virulence. The role of the pilus is crucial for adhesion to the extracellular matrix proteins in the host, evading mucosal clearance, which is extensively discussed in various studies [57,58,59]. The pneumococcal pili are highly immunogenic structures under the selective pressure of the host’s immune responses. Among the pneumococcal strains, we identified only the pili of PI-1 type. PI-2 adhesins were not detected. Studies demonstrated that Pilus type-2 varies from 0% to 21% in invasive diseases, otitis media, and carriers [19,57]. The PI-1 adhesin is not uniformly present among the different pneumococcal serotypes. Serotypes 19A and 6C were found in the studied pilliated strains. The presence of Pili type I was not strictly associated with mild or severe AOM cases.



Fimbriae were detected in less than half of the studied H. influenzae strains, mostly from nasopharyngeal samples, collected from children with mild AOM cases. There are reports that non-fimbriated strains also showed an ability to attach to mucosal cells. The fimbriae exhibit functions similar to S. pneumoniae pili and are related to the onset and persistence of infections [23,60].



M. catarrhalis strains were mostly represented by serotype A, which was predominantly found in cases of mild otitis media. Compared with the results of an earlier study of Bulgarian M. catarrhalis isolates from patients with various respiratory tract infections and different ages, serotype A is still the leading serotype in our country [61].



Among the M. catarrhalis strains, we found that a significant number of them exhibited the presence of ompCD and ompE genes, recovered from patients with OM without effusion. OMP CD, as a major virulence-associated surface protein, was very common among the otopathogenic isolates. The increased virulence of certain M. catarrhalis strains is mainly due to the expression of the ompE and ompCD genes and the presence of intact LOS. These factors play a crucial role in the initial attachment to human mucosal epithelial cells and survival in biological fluids. The ompE and ompCD genes encode porins that function as adhesion molecules, mediate nutrient transport, fatty acids accumulation, and a complement-resistance of M. catarrhalis, and are essential to serum resistance [14,62,63,64,65]. The presence of OMP CD significantly increases the ability of M. catarrhalis to bind to respiratory epithelial cells, especially to human nasopharyngeal, middle-ear mucins, and human lung. OMP CD contributes to the bacterium’s resistance to adverse conditions, especially serum complement, and is highly associated with respiratory tract infections. This antigen is a potential vaccine candidate. Antibodies to the potential vaccine antigen, OMP CD, inhibit binding to mucin. M. catarrhalis surface molecules are critical for complement resistance, but they are also targeted by antibodies that subsequently trigger complement activation. Studies demonstrated that strains lacking OMP E appeared to be more sensitive to serum-mediated killing [11,63,66,67,68].



S. pyogenes (GAS) components, including the hyaluronic acid capsule, fimbriated structures, M proteins, and the fibronectin-binding adhesin, contribute to adhesion and colonization of the pathogen in the nasopharynx region, including tonsil lymphoid tissue [13,25,26]. Once colonized within the infected place, GAS disseminates inside the host by surviving and multiplying. GAS survives by different mechanisms, including hiding within the epithelial cell lines, inhibiting phagocytosis, and degrading the cells by DNases that destroy the DNA backbone of neutrophil extracellular traps, allowing GAS to avoid neutrophil killing. GAS-infected cells trigger a strong inflammatory response, thereby inducing a cytokine storm [69,70].



The sdc gene was found in more than half of the GAS isolates. Most of the strains that carried sdc were associated with the severe cases of OM, accompanied by perforation of the tympanic membrane. There are other reports that highlighted the important biological role of the DNases in facilitating the bacterial spread in necrotic sites and their association with invasive infections [25,71,72]. SdaD possesses a similar biological role, allowing the bacteria to escape innate immune defenses, evade neutrophils, and play a supporting role in systemic dissemination [72,73]. More than half of the studied strains possessed DNase D and were found predominantly in patients with effusion.



Thacharodi et al. (2024) reported that GAS accounts for 14% of hospitalized heavy cases of OM, while it is believed to cause only 2–3% of cases in other children with non-severe OM [70]. Some GAS infections cause serious cases of neutropenia, after degradation of leucocytes by DNases, which results in poor patient prognosis. Further, the administration of a neutrophil-depleting antibody has been studied to change GAS infection from a non-invasive to an invasive form in mouse models [70]. One-third of the Bulgarian otopathogenic S. aureus isolates carried the cna gene, predominantly in cases of severe AOM. It not only aids colonization but also inhibits complement activation, allowing the infection to evade immune responses and persist longer.



Research by Madani et al. (2017) provides insight into the structural and conformational dynamics of CNA and its interactions with collagen [27]. The findings indicate that the linker region of CNA and specific residues within it are essential for the formation of the CNA-collagen complex. CNA and similar adhesins may preferentially bind to sites where collagen fibers have been cleaved, such as in wounded, damaged, or inflamed tissues, or in areas where collagen is less mature [27].



The limitations of the study include a relatively small number of middle ear fluids analyzed, which was determined by the severity of the cases and the study period being limited to one winter-spring season. The study period is limited (September 2024–April 2025), which reduces the epidemiological strength of the study. Despite the small sample size, our research provides a clear overview of the primary bacterial agents responsible for acute otitis media, their serotype distribution, and the presence of key genetic determinants that encode various virulence factors.




5. Conclusions


The prevalent risk factors observed in our study for the development of otitis media are preschool age, attendance at kindergarten, and exposure to passive smoking. The molecular serotyping revealed that the studied pediatric population consisted mostly of non-vaccinal pneumococci, NTHi, and serotype “A” M. catarrhalis otopathogenic bacteria. Around 70% of the middle ear fluid isolates carried genes for adhesion, biofilm formation, and/or invasion, which significantly enhance their pathogenicity and capacity to cause severe diseases. The monitoring of bacterial pathogens responsible for otitis media, along with their serotype distribution and the prevalence of genetic factors involved in disease pathogenesis, is essential for public health and can help predict disease severity and treatment options.
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Figure 1. Distribution of bacterial isolates among nasopharyngeal and middle ear fluids collected from patients with OM. 
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Figure 2. Bacterial co-infections among 121 acute otitis media (AOM) cases in children. 
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Figure 3. Serotypes among S. pneumoniae isolates recovered from children with acute otitis media (2024–2025). 
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Figure 4. Serotypes in available pneumococcal conjugate vaccines (PCVs)—formulations. 
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Figure 5. Distribution of capsular and non-capsular types of 23 H. influenzae isolates among children with AOM (2024–2025). 
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Figure 6. Biotypes of H. influenzae strains isolated from children with acute otitis media. 
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Figure 7. Distribution of serotypes among 19 M. catarrhalis isolates from children with acute otitis media. 
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Figure 8. Distribution of pili among 28 S. pneumoniae isolates recovered from children with AOM. 
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Table 1. Demographic data of 121 pediatric cases of AOM * between September 2024 and April 2025.






Table 1. Demographic data of 121 pediatric cases of AOM * between September 2024 and April 2025.





	
Sex (n, %)

	
Age (n)

	
Sample Collection (n)






	
Male (n = 73, 60.3%)

	
0–2 (n = 7)

3–6 (n = 48)

7–14 (n = 18)

	
Nasopharyngeal sample (n = 48)




	
Middle ear fluid (n = 25):

Tympanocentesis (6); Spontaneous perforation (19)




	
Female (n = 48, 39.6%)

	
0–2 (n = 2)

3–6 (n = 34)

7–14 (n = 12)

	
Nasopharyngeal sample (n = 31)




	
Middle ear fluid (n = 17):

Tympanocentesis (5); Spontaneous perforation (10)




	
Total (100%)

	
n = 121

	
Nasopharyngeal samples = 79; Middle ear fluids= 42








Notes: * AOM—acute otitis media.













 





Table 2. Clinical and environmental factors associated with 121 *AOM cases among children.
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Factors Associated with AOM *

	
Age of the Patient

	
Total

n (%)

	
p-Value **

0–6 y/7–14 y




	
0–2 Years

n (%)

	
3–6 Years

n (%)

	
7–14 Years

n (%)






	
First episode of AOM

	
9 (100)

	
76 (92.6)

	
27 (90.0)

	
112 (92.5)

	
0.688




	
Attendance in kindergarten/school

	
0 (0)

	
78 (95.1)

	
30 (100)

	
108 (89.2)

	
-




	
Brothers/sisters

	
4 (44.4)

	
21 (25.6)

	
19 (63.3)

	
44 (36.3)

	
0.0008




	
Allergic rhinitis

	
0 (0%)

	
12 (14.6)

	
13 (43.3)

	
25 (20.6)

	
0.001




	
Parental cigarette smoking

	
5 (55.5)

	
46 (56.1)

	
24 (80.0)

	
76 (61.9)

	
0.029




	
Total n of AOM cases

	
9

	
82

	
30

	
121 (100%)

	
 








Notes: * AOM—acute otitis media, n—number. ** a p-value < 0.05 is considered statistically significant.













 





Table 3. Distribution of main genetic determinants for adhesion, immune evasion, and tissue spread among bacterial agents associated with AOM in children.
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Bacterial Agent

	
Gene

	
Product

	
Function

	
Total n (%)

of Genes

	
Distribution Among Specimens

	
p-Value 3 and 95% CI 4

(NPH/MEF)




	
NPH 1

	
MEF 2






	
S. pneumoniae

n = 28

	
rlrA

	
Pili Type I

	
Adhesion and

colonization

	
6 (21.4)

	
2 (7.1)

	
4 (14.3)

	
0.392 [−0.862, 0.342]




	
H. influenzae

n = 23

	
hifA

	
Fimbriae

	
Adhesion and

colonization

	
8 (34.8)

	
3 (13.0)

	
5 (21.8)

	
0.275 [−0.697, 0.177]




	
S. pyogenes

n = 16

	
sdc

	
DNase C

	
Destruction,

immune evasion,

tissue spread

	
10 (62.5)

	
2 (12.5)

	
8 (50.0)

	
0.015 [−0.467, −0.053]




	
sdaD

	
DNase D

	
Destruction,

immune evasion,

tissue spread

	
9 (56.2)

	
2 (12.5)

	
7 (43.7)

	
0.033 [−0.499, −0.021]




	
S. aureus

n = 41

	
cna

	
Collagen

adhesin

protein

	
adherence,

immune evasion

	
12(29.2)

	
4 (9.7)

	
8 (19.5)

	
0.109 [−0.578, 0.058]




	
M. catarrhalis

n = 19

	
ompCD

	
Outer

membrane

protein CD

	
Porin activity,

immune evasion,

adhesion

	
14 (73.6)

	
14 (100)

	
0 (0)

	
-




	
ompE

	
Outer

membrane

protein E

	
surface-exposed

adhesin,

immune evasion

	
16 (84.2)

	
16 (100)

	
0 (0)

	
-








Legend: 1 NPH—nasopharyngeal specimen. 2 MEF—middle ear fluid. 3 a p-value < 0.05 is considered statistically significant. 4 CI—confidence interval.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
TypeA ®mTypeB WTypeC





media/file4.png
Bacterial coinfection

B M. catarrhalis + S. aureus
m S. pneumoniae + S. aureus

3 M S. pneumoniae + H.
influenzae

number of AOM cases with coinfections





nav.xhtml


  genes-16-01512


  
    		
      genes-16-01512
    


  




  





media/file16.png
B Non - pilliated S.pneumoniae AOM isolates

W Piliated S.pneumoniae AOM isolates





media/file2.png
45

40.7
40
35 30.4
30
%
25 :
19.6 i

20 17.4 17.3 17.3 17.3
15 _
10 1.4

; N

0

Staphylococcus Streptococcus Haemophilus Moraxella catarrhalis Streptococcus
aureus pneumoniae influenzae pyogenes

m NPH m MEF

Notes: NPH —nasopharyngeal specimens, MEF —middle ear fluids





media/file5.jpg
»n
18
16
14
2

on s o

5
=
|

6A 19A 6C 114 15A

13

21

I I36

158 22F 238 24 358






media/file3.jpg
Bacterial coinfection

WM. catarrhalis + 5. aureus
S, pneumoniae + 5. aureus

3 S, pneumonie + H.
influenzae

number of AOM cases with coinfections





media/file1.jpg
5

w0
3
0
%2 27
2
‘5 I I I I I 0
10 74
s
: |
Staphococcus  Streptococcus  Hoemophius  Morawelacatorhals  Steptococcs
aureus preumonioe infuenzoe brogenes

mNPH mMEF

Notes: NPH—nasopharyngeal specimens, MEF —middle ear fluids





media/file7.jpg
Serotypes

Notes: The red-highlighted markings

a3
P

224]

10

[154]

TR
7

158

™
s

mPCV24 ®WPCV20 ®PCVIS ®PCVI3 ®PCVIO
PCV vaccines

ate the serotypes identified among the analyzed AOM





media/file10.png
NON-CAPSULAR H. INFLUENZAE (NTHi) M CAPSULAR TYPE "a”





media/file12.png
M Biotype| M Biotypell M Biotype lll M BiotypeV  H Biotype VII





media/file9.jpg
NON-CAPSULAR H. INFLUENZAE (NTHi) ~ ® CAPSULAR TYPE “a





media/file0.png





media/file17.png





media/file14.png
Type A Type B HETypeC





media/file8.png
NN W
N W W
MM M

==
Ol N
> lm O

= =
0
3 A

[N
n
vs)

o e
m S

Serotypes
‘B

O ©
2 <

CARN
W =

ol

mPCV24 mPCV20 mPCV15 m®mPCV13 m®mPCV1O
PCV vaccines

Notes: The red-highlighted markings indicate the serotypes identified among the analyzed AOM

cases.





media/file11.jpg
EBiotype| WBiotypell M Biotypelll W BiotypeV M Biotype VI





media/file6.png
18
16
14

12
%

[y
o

©c N b~ O ®

7.1

14.3

6A

14.3

107
10U.7






media/file15.jpg
= Non - pilliated S.pneumoniae AOM isolates

W Piliated S.pneumoniae AOM isolates





