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Abstract: Moraxella catarrhalis has been recognized as an important cause of upper respiratory tract
and middle ear infections in children, as well as chronic obstructive pulmonary disease and chronic
bronchitis in adults. We aim to study the clonal structure, antimicrobial resistance, and serotypes of
M. catarrhalis strains recovered from patients of different ages. Nasopharyngeal swabs, middle ear
fluid, and sputum samples were collected. In vitro susceptibility testing was performed according to
EUCAST criteria. The monoclonal Ab hybridoma technique was used for serotyping. All strains were
subjected to MLST. The studied population demonstrated susceptibility to all tested antimicrobials M.
catarrhalis strains, with the majority being serotype A (90.4%), followed by B (6.8%), and C (2.7%). We
observed a predominant clonal complex CC224 (21.9%) along with other clusters including CC141
(8.2%), CC184 (8.2%), CC449 (6.8%), CC390 (5.5%), and CC67 (2.7%). Two primary founders, namely,
ST224 and ST141, were identified. The analyzed genetic lineages displayed diversity but revealed the
predominance of two main clusters, CC224 and CC141, encompassing multidrug-resistant sequence
types distributed in other regions. These data underscore the need for ongoing epidemiological
monitoring of successfully circulating clones and the implementation of adequate antibiotic policies
to limit or delay the spread of multidrug-resistant strains in our region.
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1. Background

Moraxella catarrhalis is a species in the genus Moraxella, Phylum Pseudomonadota, Class
Gamma proteobacteria. It is an aerobic, nonmotile, nonspore-forming, Gram-negative diplo-
coccus that is positive for oxidase, catalase, and indoxyl acetate esterase [1]. M. catarrhalis
has been recognized as an important cause of otorhinolaryngological (ORL) infections in
childhood, as well as chronic obstructive pulmonary disease (COPD) and chronic bronchitis
in adults. The clinical interest in M. catarrhalis is relatively recent, and many laboratories in
the past did not report M. catarrhalis as a pathogen, especially in cases when other well-
known pathogens are present in the same specimens [1]. The carriage rate of M. catarrhalis
in children is high, reaching up to 60% in some regions [2—4]. In childhood, nasopharyngeal
colonization often precedes the development of M. catarrhalis-mediated disease, mostly
after viral infection [5,6]. Authors have observed seasonal variations in M. catarrhalis in-
fections, [7,8] with the highest incidence occurring in winter and spring [9-11]. Highly
virulent M. catarrhalis strains can be the single cause of serious infections, such as sinusitis,
otitis media, tracheitis, bronchitis, and pneumonia, and, less commonly, ocular infections in
children [12-21]. Occasionally, the bacterium causes systemic disease, e.g., meningitis and
sepsis [22-25]. Bacteremia due to M. catarrhalis should be considered, especially in febrile
children with compromised immune function after a heavy ORL infection [26,27].

Different components in the outer membrane, such as proteins UspA2, OmpBl,
OmpB2, OmpCD, OMPE, and lipooligosaccharides (LOSs), which mediate adhesion and
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complement resistance, are considered important virulence factors in the pathogenesis of
M. catarrhalis; these factors enable the bacterium to surmount a major mechanism of human
immune defense and have immunogenic properties [21,28,29]. The initial stages of bacterial
colonization and infection involve interactions of the CD protein of M. catarrhalis, which has
been shown to specifically attach to the mucin molecules from the nasopharynx and middle
ear but not to mucin from saliva and tracheobronchial mucin [30,31]. OMPE is considered
a major adhesion factor in human respiratory tract mucosal epithelium colonization by
M. catarrhalis strains and is also involved in the transport of fatty acids [21]. There is no
definite consensus on the presence or absence of fimbriae and its influence on the capacity
of M. catarrhalis to adhere [32]. Lipid A from M. catarrhalis LOSs, also found in the cell
walls of other species, has biological activity as an endotoxin. It can cause fever; block the
complement system; stimulate the immune system by binding to Toll-like receptors; and
lead to disseminated intravascular coagulopathy (DIC), shock, adrenal hemorrhage, and
death [33,34].

According to the LOSs in the outer membrane, over 95% of M. catarrhalis strains can
be classified into three serotypes: A, B, and C. The most common serotype is A, accounting
for about 60% of the strains, while serotypes B and C are less prevalent, representing
approximately 30% and 5% of the strains, respectively. Around 5% of M. catarrhalis strains
cannot be serotyped [35].

M. catarrhalis is generally considered to have high sensitivity to antibiotics. The
common antimicrobial resistance in M. catarrhalis is to penicillin due to the production
of BRO (-lactamases. In M. catarrhalis, two types of 3-lactamases can be found that are
phenotypically identical: BRO-1 and BRO-2 [3,36]. Both are membrane-associated, and
they differ by only a single amino acid. The enzymes are encoded by chromosomal genes,
and these genes can be relatively easily transferred from cell to cell by conjugation [37,38].

Genotyping analysis and the establishment of genetic lineage relationships of M.
catarrhalis are insufficient, particularly in Europe. In epidemiological studies, multilocus
sequence typing (MLST) and whole genome sequencing (WGS) are employed to uncover
the clonal structure and relatedness with internationally recognized clones [39,40].

We aim to study the clonal structure, antimicrobial resistance, and serotyping of
M. catarrhalis strains isolated from patients of different ages with upper and lower respira-
tory tract infections collected during the 2024 winter-spring season in Sofia, Bulgaria.

2. Results
2.1. Studied Population

The 73 examined M. catarrhalis strains were collected from the Department of Medical
Microbiology at the Medical University of Sofia during the 2023-2024 winter-spring season
from patients with ages ranging from 1 to 74 years old (Table 1). They were categorized into
two age groups: children from 1 to 11 years and adults from 50 to 74 years old. The most
common age group was 1-5 years old, accounting for 41 (56.2%) cases. The young patients
were diagnosed with respiratory tract infections, including rhinopharyngitis, rhinosinusitis,
and adenoiditis (n = 34, 82.9%), as well as otitis media (n =7, 17.1%). Among adult patients
(50-70 years old), cases of chronic bronchitis and COPD totaled 20 (27.4%). Regarding
gender, there were 46 (63%) male patients and 27 (37%) female patients.

Table 1. Distribution of patient age, diagnosis, and serotypes of M. catarrhalis strains isolated during
the winter-spring season of 2024 in Bulgaria.

Agel Diagnosis 2 Serotype
0-11y URTI AOM LRTI A B C
Children _ o
n =51 (69.9%) 43 (58.9%) 8 (11.0%) - 46 (63.0%) 4 (5.5%) 1 (1.4%)
Adults S0-74y 3 (4.1%) - 19 (26.0%)  20(27.4%) 1(1.4%) 1(1.4%)

n =22 (30.1%)
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Table 1. Cont.

Age

1

2

Diagnosis Serotype

Total n
(100%)

73 (100%) 46 (63.0%)  8(11.0%) 19 (26.0%) 66 (90.4%) 5 (6.8%) 2 (2.8%)

100 - =

90
80
70
60
50
40
30
20
10

0

PEN AMX  CFZ  CXM

1 Age—All patients were categorized into two age groups. There were no collected samples from patients
between 11 and 50 years old. > Diagnosis: URTI—upper respiratory tract infection, including rhinopharyngitis,
rhinosinusitis, and adenoiditis; AOM—acute otitis media; LRTI— lower respiratory tract infection, including
COPD (chronic obstructive pulmonary disease) and bronchitis.

2.2. Serotyping

Serotyping using MAbs revealed that 90.4% (n = 66) of M. catarrhalis strains were serotype
A. Serotypes B and C were represented by n = 5 (6.8%) and n = 2 (2.7%) strains, respectively.

2.3. Antimicrobial Susceptibility

All the strains demonstrated resistance to penicillin, aminopenicillins, and the first
generation of cephalosporins due to the presence of BRO p-lactamases detected using the
Cefinase disc method. However, the strains exhibited very high susceptibility to almost all
other tested antibiotics (Figure 1). The strains produced BRO-1 (3-lactamase, and only one
strain produced BRO-2 3-lactamase.

CTX AMC LEVO ERY TET SXT CHL

Susceptible Intermediate M Resistance

Figure 1. Antimicrobial susceptibility of 73 M. catarrhalis strains isolated from Bulgarian pa-
tients in the winter-spring season of 2023-2024. PEN—Benzylpenicillin, AMX—Amoxicillin,
CFZ—Cefazolin, CXM—Cefuroxime, CTX—Cefotaxime, AMC—Amoxicillin/Clavulanic acid,
LEVO—Levofloxacin, ERY—Erythromycin, TET—tetracycline, Sxt—Trimethoprim-sulfamethoxazole,
CHL—Chloramphenicol. The interpretation was performed according to the European Committee
on Antimicrobial Susceptibility Testing (EUCAST 2024) breakpoints.

All M. catarrhalis strains exhibited intermediate susceptibility to oral cefuroxime, and
two strains were resistant. A small number of strains (n = 4, 5.5%) were resistant to
trimethoprim-sulfamethoxazole or exhibited intermediate susceptibility (n =1, 1.4%). None
of the strains (0.0%) were resistant to amoxicillin/clavulanic acid, cefotaxime, erythromycin,
tetracycline, chloramphenicol, or levofloxacin (Figure 1).
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2.4. Genotyping

The MLST analysis of the patterns of all 73 M. catarrhalis isolates revealed 36 STs,
including one novel ST (STN).

In total, 39 strains (53.4%) exhibited similarity with different STs and formed a clonal
complex in which every ST shares at least five of eight identical alleles with at least one
other ST. They form the main clonal complexes in the studied population. The distribution
among the STs showed that ST224 (n = 9, 12.3%) was predominant. In total, 36.9% of STs
were represented by three strains each, including ST54, ST62, ST141, ST184, ST195, ST216,
ST390, ST435, and ST449. In addition, 27.4% of the STs were found in two strains each,
including ST3, ST183, ST215, ST227, ST436, ST498, ST540, ST952, ST1022, and STN.

We identified a predominant clonal complex CC224 (n = 16, 21.9%) and other small
clusters, including CC141 (n = 6, 8.2%), CC184 (n = 6, 8.2%), CC449 (n =5, 6.8%), CC390
(n=4, 5.5%), and CC67 (n = 2, 2.7%). Two primary founders, namely ST224 and ST141,
were disclosed. Within CC224, the ancestral ST224 revealed high similarity to ST408 and
ST589 with a difference of one locus, and ST227 and ST195 were double and triple locus
variants, respectively, displaying six and five identical alleles (Figure 2).

Figure 2. Population snapshot of 73 M. catarrhalis strains recovered from children and adults with
respiratory infections in Bulgaria. The sequence types (STs) are identified based on the allelic
profiles on the MLST website and depicted inside the circles. The clonal complexes (CCs) were
named after the predominant STs. If the STs are in an equal number, the CCs were named after the
earlier STs found in the population. The clonal complexes are surrounded with a grey halo and
comprise STs with relatedness at different levels: SLVs (single locus variants), DLVs (double locus
variants), and TLVs (triple locus variants). The lines between the STs correspond to the relatedness.
Specifically, the shortest lines correspond to SLVs. The longer the line is, the more genetically distant
the representatives are. The diameter of the circles corresponds to the number of the STs. The
colors in the circles correspond to the diagnosis of the patients: URTI—upper respiratory tract
infections: rhinopharyngitis and rhinosinusitis, LRTI—lower respiratory tract infections: COPD
(chronic obstructive pulmonary disease) and bronchitis. AOM—acute otitis media. The diagram was
constructed using Phyloviz 2.0.

The other primary founder ST141 was clustered with ST64, ST84, and ST388, which
shared seven or five identical alleles, indicating SLVs or TLVs. The ancestral types ST224
and ST141 were discovered both in children and adult patients with upper and lower
respiratory tract infections.

CC184 represented six strains isolated from patients of different ages and diagnoses
and clustered with ST184 and the SLVs ST435. CC449 is comprised of STs and its TLV ST498.
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ST390 and ST197 formed CC390. ST67 and ST928 displayed five identical house-keeping
genes and comprised CC67.

We also observed that 32.9% of the strains formed small clusters of two or three isolates
with the same sequence type (ST), but they did not share similarities with any other STs
in the studied population (Figure 2). These individual STs were not common among the
analyzed strains and did not show any relatedness to other STs. However, we anticipate
successful spreading in the coming years of this type of clonal complex, which is exclusively
composed of a single sequence type. These small groups were represented by ST216 (n = 3,
4.1%), ST54 (n = 3, 4.1%), ST3 (n = 2, 2.7%), ST62 (n = 2, 2.7%), ST183 (n = 2, 2.7%), ST215
(n=2,2.7%), ST436 (n =2, 2.7%), ST540 (n = 2, 2.7%), ST952 (n = 2, 2.7%), ST1022 (n = 2,
2.7%), and STN (n = 2, 2.7%).

The STs that showed no relatedness to any other STs and were considered singletons
accounted for 13.7%.

All clustered strains and singletons along with their main phenotypic and genotypic
characteristics are presented in Table 2.

Table 2. Phenotypic and genotypic characteristics of 73 M. catarrhalis isolates recovered from children
and adults in Bulgaria during the winter-spring season of 2023-2024.

cc! Strain Age  Gender? Diagnosis 3 Sample*  Serotype abcZ adk  efp  fumC glyRS mutY ppa  trpE  ST®

Bronchitis

57/1379 50 f chr Sputum A 2 17 12 2 3 3 3 2 64
- 557 2 f Rhinophar Nph A 2 6 2 2 20 3 3 2 141
5 8080 2 f Rhinophar Nph A 2 6 2 2 20 3 3 2 141
© 1353 4 f Adenoiditis Nph A 2 6 2 2 20 3 3 2 141
20/1321 3 m Adenoiditis Nph A 2 9 2 2 20 3 3 2 84
58/1558 1 m Rhinophar Nph A 8 6 3 2 20 26 3 2 388
77 1 f Rhinophar Nph A 53 3 2 3 57 3 3 2 224
17/179 5 m Adenoiditis Nph A 53 3 2 3 57 3 3 2 224
61 3 m Adenoiditis Nph A 53 3 2 3 57 3 3 2 224
54/847 5 m Rhinophar Nph A 53 3 2 3 57 3 3 2 224
18 6 f Rhinophar Nph A 53 3 2 3 57 3 3 2 224
711 6 f Rhinophar Nph A 53 3 2 3 57 3 3 2 224
555 71 m COPD Sputum A 53 3 2 3 57 3 3 2 224
g 608 61 m Bronchitis - putum A 53 3 2 3 57 3 3 2 2
o 26/53K 71 m COPD Sputum A 53 3 2 3 57 3 2 224
1843 63 m COPD Sputum A 53 3 59 3 57 3 2 589
109,316 68 m COPD Sputum A 3 2 3 57 67 3 2 408
K978 5 m Rhinophar Nph A 3 2 9 57 3 3 2 227
166 m Adenoiditis Nph A 3 2 9 57 3 2 227
3270 m Rhinophar Nph A 28 3 2 3 31 31 3 2 195
60 67 m COPD Sputum A 28 3 2 3 31 31 3 2 195
3270 2 m Rhinophar Nph A 28 3 2 3 31 31 3 2 195
5102 10 m Rhinosinuitis Nph A 8 25 6 4 57 22 2 2 184
55/980 2 f Rhinophar Nph A 8 25 6 4 57 22 2 2 184
§ 22/6215 46 f Rhinosinuitis Nph A 8 25 6 4 57 22 2 2 184
8 426 5 f AOM MEF A 8 25 6 4 57 22 23 2 435
184/241 5 m Rhinophar Nph A 8 25 6 4 57 22 23 2 435
24/814 4 m AOM MEF B 8 25 6 4 57 22 23 2 435
36/3468 6 m Rhinophar Nph A 3 3 2 2 17 15 8 2 449
o 37/8657 2 f Rhinophar Nph A 3 3 2 2 17 15 8 2 449
% 31/161 1 m Rhinophar Nph B 3 3 2 2 17 15 8 2 449
v 2826 1 m Rhinophar Nph A 3 18 55 2 15 15 8 2 498
11 2 m Rhinophar Nph A 3 18 55 2 15 15 8 2 498
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Table 2. Cont.

CC! Strain Age  Gender? Diagnosis 3 Sample?  Serotype abcZ  adk efp  fumC glyRS mutY ppa trpE ST
2/785 6 f AOM MEF A 8 25 6 2 37 9 3 2 390
g 75/ 6 £ AOM MEF 8 25 6 2 37 9 2 390
S a/ss 4 f Rhinophar Nph A 8 25 6 2 37 9 3 2 390
3522 m Adenoiditis Nph A 8 3 6 2 17 9 7 2 197
5 184 11 m Rhinosinuitis  Nph A 2 17 2 3 20 2 2 67
o 571 60 m COPD Sputum A 2 2 111 3 2 2 2 98
o 75 3 £ Rhinophar Nph A 2 2 2 3 2 2 2 3
® 1205 3 m Rhinophar Nph A 2 2 2 3 2 2 2 3
592 2 £ Rhinophar Nph A 8 24 3 7 30 3 23 2 54
? 353 59 m Rhinosinuitis  Nph A 8 24 3 7 30 3 B 2 54
@ 343 1 f Rhinosinuitis  Nph A 8 24 3 7 30 3 2B 2 54
o K83 m AOM MEF C 8 26 2 3 2 2 25 2 62
5 109 4 m AOM Nph A 8 26 2 3 2 2 25 2 62
Q 43/1680 2 m AOM Nph A 9 3 2 3 37 19 2 183
(E 141 10 m Rhinosinuitis Nph A 9 3 2 3 37 19 2 183
o K1092 1 £ Rhinophar Nph A 2 2 2 9 2 18 17 2 215
£ ko 3 m AOM Nph A 2 2 2 9 2 8 17 2 215
10838 74 m COPD Sputum A 25 18 3 4 6 2 216
2 56/1497 2 £ Rhinophar Nph A 25 18 3 4 6 2 216
B a9 51 £ Bronchitis  putum A 25 18 3 4 6 9 3 2 216
S 8083 3 m AOM Nph B 27 18 2 10 9 9 2 43
E32/160 65 m COPD Sputum A 27 18 2 10 2 43
g 2471 % m COPD Sputum B 8 17 20 128 17 2 540
B 28320 o m Bronehitis  sputum A 8 17 20 3 128 3 17 2 540
% 40/348 4 f Rhinopharyn Nph A 157 2 2 9 21 3 2 952
& 22/50M 4 £ Rhinophar Nph A 157 2 2 9 21 3 2 9%
o 81 6 £ AOM Nph A 3 3 3 4 3 28 3 2 1022
é 14 2 m Rhinophar Nph A 3 3 3 4 3 28 3 2 1022
~ K511 4 £ Adenoiditis Nph A 3 9 2 9 129 8 9 5  SIN
7 512 3 m Otitis media MEF A 3 9 2 9 129 9 2 SIN
69,215 2 m Rhinophar Nph A 3 3 3 4 3 3 2 4
3034 4 m Adenoiditis Nph A 3 18 6 3 31 5 17 2 56
64 57 m COPD Sputum A 8 26 2 3 2 2 25 2 62
30/867 4 £ Otitis media MEF A 2 17 12 2 3 3 3 2 64
g 34/307 54 £ Bronchitis  putum A 29 2 2 3 34 29 2 2 74
3
%D AL 65 m Bronchitis - putum C 36 6 12 2 50 1 3 2 126
17 £ Adenoiditis Nph A 17 6 27 2 164
3168 4 m Rhinophar Nph A 17 12 3 2 338
80 55 m COPD Sputum A 17 2 107 89 2 437
25/91K 74 m Bronchitis  putum A 108 3 2 3 31 31 21 2 618

! CC—clonal complex. 2 Gender: f—female, m—male. 3 Diagnosis: Bronchitis chr—chronical bronchi-
tis, Rhinophar—rhinopharyngitis, AOM—acute otitis media, COPD—chronic obstructive pulmonary disease.
4 Sample: Nph—nasopharynx, MEF—middle ear fluid. > ST—sequence type.

3. Discussion

It has become evident over the past few decades that M. catarrhalis has significant
pathogenic potential. The bacterium is mainly involved in respiratory tract infections and
rarely in systemic infections in immunocompromised patients. Many authors considered
M. catarrhalis one of the most common bacterial organisms that causes otitis media, follow-
ing the nontypeable Haemophilus influenzae (NTHi), Streptococcus pyogenes, and Streptococcus
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pneumoniae [41,42]. In our study, the number of cases of otitis media was lower compared to
other upper respiratory tract infections, as we did not collect specimens only from a specific
group of patients diagnosed with AOM, but in general, from patients with respiratory
infections caused by M. catarrhalis.

The majority of the strains that were examined were found in young children. Many
studies have reported that M. catarrhalis colonizes infants and children at a higher rate,
especially in those under 5 years of age, with only 1-5% carriage in healthy adults. However,
isolates from older patients were more likely to be pathogenically significant [18,43]. In
our study population, all strains that caused chronic bronchitis and COPD were found in
adults, while all cases of acute otitis media (AOM) were seen in children, mostly those
under 5 years old.

Our results showed that all M. catarrhalis strains were resistant to penicillin, aminopeni-
cillins, and first-generation cephalosporins and exhibited lower or no susceptibility to
cefuroxime oral. The results demonstrated a progression of elevation of resistance to
second-generation cephalosporins. According to our old results, susceptibility to cefurox-
ime at the start of 2000 was noted in about 97% strain, and around 65% before 2018 [44].
The predominant mechanism of resistance found in 98.6% of the strains involved BRO-1
[-lactamases; this mechanism was mostly associated with high resistance to penicillins with-
out inhibitors, first-generation cephalosporins, and, to a lesser extent, second-generation
cephalosporins. Remarkably high susceptibility to other tested antimicrobials, except a few
strains demonstrating resistance to trimethoprim-sulfamethoxazole, was determined. Both
BRO-1 and BRO-2 enzymes are readily inactivated by (3-lactamase inhibitors, and the iso-
lates are still susceptible to amoxicillin in combination with clavulanic acid. Many studies
noted that routinely administered therapy consisting of a combination of aminopenicillins
and (3-lactamase inhibitors is usually sufficient [13,16,45,46]. M. catarrhalis is generally
considered to have high sensitivity to many antibiotics. Authors from different regions
reported that M. catarrhalis was full susceptibility to amoxicillin/clavulanic acid, cefo-
taxime, and moxifloxacin [39,40,47]. According to other reports, M. catarrhalis appeared
extremely susceptible to macrolide antibiotics, erythromycin, and rokitamycin [39,40,48].
Susceptibility of all tested strains to azithromycin, doxycycline, co-trimoxazole was also
reported [39,40,44,49].

In a study from Hungary, non-susceptibility to macrolides and trimethoprim-sulfamethoxazole
was reported at less than 5%, with low MIC values, and single resistant strains to lev-
ofloxacin were reported [44]. Complicated therapy and antimicrobial resistance have been
described in Asian countries, with strains resistant to trimethoprim/sulfamethoxazole,
levofloxacin, ciprofloxacin, erythromycin, gentamicin, clarithromycin, telithromyecin, ce-
fotaxime, or chloramphenicol reported [40,50-52]. There are increasing reports of strains
with low non-susceptibility or resistance to tetracycline, and tetracycline-resistant strains
were isolated more frequently than strains resistant to other antibiotics [46,51].

The serotype distribution of M. catarrhalis confirmed the prevalence of serotype A
over the years. In an earlier study of Bulgarian isolates of M. catarrhalis from patients with
various respiratory infections and different ages, the Bulgarian strains mainly belonged
to serotype A [21]. The results of this study confirmed that serotype A is still the leading
pathogen in our country. We did not observe an association among the serotypes, diagnosis,
and specific clonal complexes because most strains belong to the same serotype.

The examined M. catarrhalis population revealed various genetic lineages. Despite
this diversity, one main clonal complex denoted CC224 and other small clusters, including
CC141, CC184, and CC449, were predominant. Two likely primary founders were iden-
tified: ST224 and ST141. The major CC224 was also identified in studies from China and
was reported to be susceptible to macrolides [53]. Our CC224 strains showed the same
susceptibility, with even more susceptibility to all tested antibiotics. We did not observe
a correlation for CC224 with the age of the patients or the diagnosis. Both strains recov-
ered from children and adult specimens with upper and lower respiratory tract infections
showed genetic relatedness with CC224.



Int. J. Mol. Sci. 2024, 25,9769

8of 13

CC141 comprised four different STs from susceptible strains. ST64 was a triple locus
variant of ST141 reported in other studies as an ST resistant to azithromycin, erythromycin,
and cefuroxime [50,54]. Apart from CC141, ST215 is found in our population and is also
frequently identified in Asia with the same multidrug resistance reported in Chinese
studies [50].

CC449 is successfully circulated in our country and has been described in reports
from Asia as a purely macrolide-resistant clonal complex. In our country, all ST449 strains
showed high susceptibility, but it is alarming that the same well-distributed cluster has
been represented predominantly by resistance strains in other countries. We may expect
strains from this cluster or CC141 to evolve in macrolide-resistant isolates and spread
these genetic lineages to our geographic area. M. catarrhalis is a genetically heterogeneous
species from which successful clones occasionally proliferate. The expansion of such
competitive types has also been documented during distinct periods and in particular
geographic regions [55-57]. Frequent horizontal gene transfer seems possible [58,59], and
new phenotypic markers could be acquired through cross-species gene acquisition.

Other investigations cited the distribution of CC363, which comprised resistant
M. catarrhalis strains to cefaclor and azithromycin; however, it is still not present in our
area [54,55].

Both ST184 and ST435 from CC184 in our population were registered in the global
database (https://enterobase.warwick.ac.uk/ (accessed on 31 August 2024)) in different
regions in Europe, Australia, and the USA. ST67 was also a successful spreading type found
in France, Australia, and the USA.

During our investigations, we discovered sequence types, such as ST 216 and ST 54,
and other STs, each present in only a small number of two or three strains. Based on
this, we anticipate the spread of these clonal complexes in the coming years. These clonal
complexes consist exclusively of a single sequence type, which can happen when a specific
strain undergoes clonal expansion within a population, leading to the dominance of that
particular sequence type in the population’s structure.

The epidemiological studies of M. catarrhalis are still rare and insufficient in under-
standing how these lineages split and subsequently expanded in the human population.

4. Materials and Methods
4.1. Specimen Collection

Specimens were collected from patients of all age groups who had upper and lower
respiratory tract infections between October and May of 2023-2024. Clinical strains of
M. catarrhalis were isolated from nasal and nasopharyngeal swabs, punctures from ears
and sinuses that were taken from children based on their clinical symptoms after a physical
examination, and sputum samples collected from the adult patients only. The isolates were
identified using conventional microbiological tests, including typical Gram morphology;
positive tests for catalase, oxidase, and indoxyl acetate esterase reactions; the hockey puck
sign; and assessments using the semiautomatic system Crystal NH BBL (Beckton Dickinson,
Kelberg, Germany).

4.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed phenotypically with amoxicillin/
clavulanic acid, 2/1 pug; cefotaxime 5 pg; cefuroxime 30 pug, erythromycin 15 pg; tetracycline
30 pg; chloramphenicol 30 ug; levofloxacin, 5 ug; and trimethoprim-sulfamethoxazole 30 ug
(all from Mast Group Ltd., Reinfeld, Germany). European Committee on Antimicrobial
Susceptibility Testing (EUCAST 2024) breakpoints were used to assess susceptibility and
resistance. Production of 3-lactamases was estimated using the Cefinase disc method
(Beckton Dickinson, Kelberg, Germany). The primers and conditions for PCR detection of
BRO-1 and BRO-2 genes were previously described [21].
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4.3. Serotyping

Monoclonal antibodies (MAbs) against the three LOS chemotypes A, B, and C used
for serotyping with an immunofluorescence method in this work were obtained in our
laboratory by hybridoma technology as previously described [28]. The serotypes share
a common core terminal unit, causing cross-reactivity among the three serotypes. More
frequent cross-reactivity between A and C serotypes is possible potentially due to the
presence of larger similar regions and common epitopes, which could provide a protective
effect of antibodies against both serotypes A and C [28].

4.4. DNA Extraction and PCR Amplifications

Total DNA was extracted from pure cultures of M. catarrhalis strains using the ex-
traction kit (DNA-Sorb-A DNA extraction kit, Sacace Biotechnologies, Como, Italy) in
accordance with the manufacturer’s instructions. The extracted DNA was stored at —70 °C.

The PCR amplifications was done with 5 uL. of DNA template in a 25 pL reaction
mixture containing 1 pL of each primer and 10 uL 2 x Prime Taq Premix (GenetBio, Daejeon,
Republic of Korea). Thermocycling was performed on the GTQ-cycler 96 (Hain lifesciences,
Nehren, Germany) with PCR cycling conditions consisting of an initial denaturation at
94 °C for 4 min, followed by 35 cycles at 94 °C for 30 s, 52 °C for 30 s, and 72 °C for 30 s for
all genes, except glyRS (58 °C) and adk (54 °C). The final extension was at 72 °C for 10 min.
The primer sequences of the housekeeping genes are listed in Table 3.

Table 3. Primer sets for PCR amplification of eight M. catarrhalis housekeeping genes.

Gene Primer Set Base Pairs

F 5-GCACCGAAGAGTTGCCACCA-3

SRS R 5'-ACGCAACGGGCAAATCCACC-3/ 762 bp
; F 5'-AATAAAATTCTAGATGCTGGC-3' 523 b
rp R 5/-ACTTATTGCTCTGTCCAGCG-3/ P
. F5-CTCTGATTGACAACTGGCAGG-3' S8
fr R 5-GATATTCGCCAGTACGCG-3/ P
fumC F 5-GGGCGGTACAGCAGTCGGCAC-3/ 5b
R 5-CTCATCAAATTCAGCTTCAG-3/ P
oE F 5/-TTATCCCGCATCGAAAATGG-3/ 515
P R 5/-GGTTTCATCCCATTCAGCC-3/ P
gy F 5'-GGCAATACCATCATCAGCCG-3' €09
R 5-GGTAACTGACTTTGAACGCC-3' P
” F 5/-GGCATTCCTCAAATCTCAAC-3/ Ga1b
R 5'-GATGGGCTTTATTGTCAAATG-3/ P
/_ Al
ez F 5/-ACATGCTGATGATGGTGAG-3 610 bp

R 5-CACTGGCAAGTTCAAGCGC-3

The same primers were used for the following MLST procedure, except the primer sets for the fol-
lowing three genes: glyRS: F5'-GCACCGAAGAGTTGCCACCA-3' and R5'-ATATCGGCTTGACGCTGATC-
3'; fumC: F5'-GCTGTCAAAGTCGCTAAAG-3' and R5-CTCATCAAATTCAGCTTCAG-3/, and mutY: F5'-
TATGCTGTGTGGGTATCTG-3' and R5'-GGTAACTGACTTTGAACGCC-3'.

4.5. Multilocus Sequence Typing (MLST) of M. catarrhalis

The PCR products were purified using the Exo-CIP™ Rapid PCR-Cleanup kit (New
England Biolabs, Ipswich, MA, USA) before sequencing. Nucleotide sequencing of both
strands of the PCR amplicon was performed using an ABI 3500 xI Genetic Analyzer
(Applied Biosystems, Waltham, MA, USA). MLST was used for population analysis and
monitoring the distribution of M. catarrhalis genetic lineages in our geographic area. We
performed sequencing of eight “housekeeping genes”: ppa (pyrophosphate phospho-
hydrolase), efp (elongation factor P), fumC (fumarate hydratase), trpE (anthranilate synthase
component I), mutY (adenine glycosylase), adk (adenylate kinase), abcZ (ATP-binding pro-
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tein), and glyRS (glycyl-tRNA synthetase beta subunit). We used the protocol for PCR
amplification of the internal fragments of the housekeeping genes of M. catarrhalis described
at https:/ /enterobase.readthedocs.io/en/latest/mlst/mlst-legacy-info-mcatarrhalis.html
(accessed on 31 August 2024).

After sequencing, we determined the allelic profile of each studied isolate and the
sequence type (ST) on the MLST website using the Achtman scheme.

The obtained STs enabled us to analyze the genetic relationships between the isolates.
A high number of identical locus variants indicates a higher degree of genetic relatedness.
Within one clonal complex (CC), STs with single locus variants (SLVs), double locus variants
(DLVs), or triple locus variants (TLVs) were identified. By identifying the clonal structure
of the studied population, we uncovered the primary ancestral type and the organization
of allelic variants in CCs based on their genetic similarity.

All clonal complexes were compared and analyzed for genetic relatedness to refer-
ence circulating clones in the international database (https://enterobase.warwick.ac.uk/
species/index/mcatarrhalis (accessed on 31 August 2024)). The diagram of clonality was
constructed using Phyloviz 2.0.

5. Conclusions

The studied population revealed that susceptible M. catarrhalis strains, predominantly
serotype A, were isolated from children and adults with upper and lower respiratory tract
infections. The analyzed genetic lineages were diverse but showed the predominance of two
main clusters, CC224 and CC141, which encompassed sequence types distributed in other
regions and showed multidrug resistance. These data give us reason to assume that resistant
strains from the same genetic lines could also spread to our country. Therefore, ongoing
epidemiological monitoring of successfully circulating clones and the implementation of
adequate antibiotic policies should continue to be the subject of future studies and analyses.
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