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Abstract: Streptococcus pneumoniae, Streptococcus pyogenes (GAS), and Streptococcus agalactiae (GBS) are
bacteria that can cause a range of infections, some of them life-threatening. This review examines
the spread of antibiotic resistance and its mechanisms against antibiotics for streptococcal infections.
Data on high-level penicillin-resistant invasive pneumococci have been found in Brazil (42.8%) and
Japan (77%). The resistance is caused by mutations in genes that encode penicillin-binding proteins.
Similarly, GAS and GBS strains reported from Asia, the USA, and Africa have undergone similar
transformations in PBPs. Resistance to major alternatives of penicillins, macrolides, and lincosamides
has become widespread among pneumococci and streptococci, especially in Asia (70–95%). The
combination of several emm types with erm(B) is associated with the development of high-level
macrolide resistance in GAS. Major mechanisms are ribosomal target modifications encoded by erm
genes, ribosomal alterations, and active efflux pumps that regulate antibiotic entry due to mef A/E
and msrD genes. Tetracycline resistance for streptococci in different countries varied from 22.4% in
the USA to 83.7/100% in China, due to tet genes. Combined tetracycline/macrolide resistance is
usually linked with the insertion of ermB into the transposon carrying tetM. New quinolone resistance
is increasing by between 11.5 and 47.9% in Asia and Europe. The mechanism of quinolone resistance
is based on mutations in gyrA/B, determinants for DNA gyrase, or parC/E encoding topoisomerase
IV. The results for antibiotic resistance are alarming, and urgently call for increased monitoring of this
problem and precautionary measures for control to prevent the spread of resistant mutant strains.

Keywords: Streptococcus genus; Streptococcus pneumoniae; Streptococcus pyogenes; Streptococcus agalac-
tiae; antibiotic resistance; mechanisms of resistance

1. Introduction

The Streptococcus genus is a heterogeneous group of Gram-positive bacteria with sim-
ilar microscopic spherical morphology, mainly classified based on their cell wall surface
antigens [1]. This genus comprises various representatives that are a part of the resident
microbiota of mucosal membranes of the mouth, upper respiratory and lower genital tract
and causative agents of purulent infections that vary in severity from mild throat infections
to invasive ones, abscesses, bacteremia, pneumonia, meningitis, and streptococcal toxic
shock syndrome. Streptococcus pneumoniae, Streptococcus pyogenes, and Streptococcus agalac-
tiae are responsible for millions of deaths worldwide due to their virulence and damage to
human health [2–5]. The emergence and evolution of the resistance to antimicrobials is a
dynamic process and can vary widely among countries over the years and in S. pneumoniae
strains, streptococci Lancefield groups A (GAS, S. pyogenes), B (GBS, S. agalactiae), group C
(GCS) and G (GGS), as well as oral viridans group streptococci (a rare cause of bacteremia
and infective endocarditis). The development of resistance among the streptococcal isolates
is a major reason for the failure to eradicate them, and often causes additional compli-
cations with the initial infection [6–8]. The first line of choice for the treatment of both
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invasive and noninvasive streptococcal infections remains β-lactam antibiotics, especially
penicillins [7]. Most S. pneumoniae strains, and all GAS and GBS, are highly sensitive to peni-
cillin, amoxicillin, and some cephalosporins in vitro. However, mutations in gene (pbp2x)
encoded penicillin-binding proteins (PBPs) corresponding to the beta-lactam resistance,
and associated with certain serotypes of pneumococci were detected more often in recent
years [3]. The first single GAS and GBS isolates suspected of pbp2x gene mutations and
lower susceptibility to penicillin were also reported during the last few years [8,9]. Multiple
streptococcal isolates quickly become resistant to macrolides and less to lincosamides,
which are alternative drugs for patients with an allergy to penicillin, or failed beta-lactam
therapy [10]. This resistance toward macrolides in streptococci from various geographical
areas has emerged less than 20 years since the discovery and use of the first macrolide
erythromycin [6,11–15]. The resistance to tetracyclines is another very common one in many
countries, and new problematic resistance to the notable fluoroquinolones has appeared in
recent years [3,16–18].

The development of antibiotic resistance among the streptococcal isolates is the major
cause of treatment failure. According to the World Health Organization (WHO), the emer-
gence and development of antibiotic resistance is one of the greatest threats to human health
(https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance /accessed on
2 April 2024) [19]. That is why it has to be studied, monitored, and analyzed. Various
genetic mechanisms of resistance to the most commonly used antimicrobials have been
discovered in the last few years [3,9].

The present review aims to comparatively evaluate the epidemiology of streptococcal
infections, as well as the recent emergence, development, and geographical spread of
antibiotic resistance and encoding genetic elements of the most important antimicrobial
agents for the treatment of these problematic infections.

2. Overview of Results

Extracted information, including geographic location, study period, leading antimicro-
bial resistance, and reference number, was inserted into Tables 1–3 for further analysis. The
data from 36 geographic areas including Argentina, Australia, Brazil, Bulgaria, Cameroon,
Canada, China, Croatia, Denmark, Ethiopia, France, Germany, Greece, Hungary, Iceland,
India, Iran, Italy, Japan, Mexico, Middle East and North Africa (MENA), Nicaragua, New
Guinea, Norway, Poland, Portugal, Republic of South Africa, Russia, Serbia, South Korea,
Spain, Taiwan, Turkey, and the USA, presented in Figure 1 and Tables 1–3, were analyzed
and evaluated.

2.1. Epidemiology of Streptococcal Infections
2.1.1. Diseases Caused by S. pneumoniae

S. pneumoniae is the most common bacterial causative agent of a wide range of respi-
ratory tract infections. It has historically been the leading cause of community-acquired
pneumonia. The severity of this disease is due to significant virulence of the antiphago-
cytic effect of capsular polysaccharides and pneumolysin production, as well as a strong
inflammatory response triggered by the release of cytokines and activation of complement
pathways by cell wall proteins and DNA release following bacterial cell rupture. This
pathogen can initially asymptomatically colonize the mucosal membranes of the nasophar-
ynx (up to 50–60% more prevalent in healthy preschool and school-aged children, compared
to less than 10–20% of healthy carrier adults) [3,20,21]. Pneumococci can migrate to the
lungs where they cause alveolar pneumonia if the pathogen is not cleared by the immune
system in certain hosts with increased susceptibility to infection.

https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
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In addition to pneumonia, the most common disease worldwide, S. pneumoniae causes
other severe infections such as bacteremia, sepsis, meningitis, acute purulent otitis media,
and sinusitis. In childhood the conjugate vaccination against the most virulent capsular
serotypes of S. pneumoniae has decreased the colonization frequency, but the WHO estimated
that 1.6 million deaths in 2005, including 1 million children under 5 years of age, occurred
due to pneumococcal pneumonia, especially since the emergence of multidrug-resistant
S. pneumoniae [22]. Some authors think that switching between encapsulated and non-
encapsulated strains of S. pneumoniae may play an essential role in pneumococcal serotype
dynamics and the spread of antibiotic resistance. Frequent changes in capsular antigens
may partly explain the observed variation in recombination rates and the translation of
antibiotic resistance among pneumococcal lineages [23]. The severity of infection increases
when pneumococci are combined with Respiratory Syncytial virus in young children [22].
Also, it is a common co-infection in influenza (flu) and COVID-19 patients, and is associated
with higher morbidity and mortality [24]. This pathogen causes more than 50% of bacterial
meningitis and about 40,000 fatal illnesses annually in the United States. In 2017, the WHO
included penicillin-non-susceptible S. pneumoniae as one of the 12 most critical pathogens
that are a priority for the detection of new antibiotics for the treatment of these types of
infections. The resistance of S. pneumoniae against ß-lactams especially in combination with
macrolide–lincosamide resistance is a serious world problem [19,25].
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Table 1. Recent data for the distribution of S. pneumoniae antibiotic resistance in different coun-
tries/regions.

Country Target Population (Study Period)
Total n Antimicrobial Resistance Ref.

Eu
ro

pe

Pen Cro Ery Cli Tet Levo

Bulgaria Non-IPD, children
up to 9 years

(2019–2021)
n = 147 38.1% 16.3% 58.5% 46.9% 39.5% - [16]

Bulgaria IPD and non-IPD,
all age groups

(2011–2016)
n = 198 46.5% 19.7% 43.9% 36.4% 37.4% 1.0% [26]

Serbia

Respiratory and
IPD isolates from

children up to
18 years

(2004–2009)
n = 5293 - - 44.9%

(2009) - - - [27]

Croatia IPD, adults (2005–2019)
n = 1108

19.6%
IE +R ≤2% IE 23.0% - - 0.4% [28]

Turkey Healthy children
0–6 years

(2015)
n = 150 14.3% - 47.7% 52.4% - - [29]

Poland

Children at
2–5 years with
recurrent acute

pharyngotonsilli-
tis

(2011)
n = 57 45.1% - 52.9% 51.0% 43.1% - [21]

Spain IPD, all age
groups

(1979–2008)
n = 19 266

22.3%
(in 2008)

5.9%
(in

2005)

26.6%
(in

children)
20.7%

(in adults)

- - - [30]

U
SA

an
d

La
ti

n
A

m
er

ic
a

USA Non-IPD and IPD,
all age groups

(2009–2017)
n = 7254

13.9–3.8%
in period

(2009–2017)

11.6–
2.8%

37.5–
45.2%

19.3–
17.0%

22.4–
20.8% - [31]

Argentina Children ≤
6 years with IPD

2019
(n = 115) 39.7% 2.6% - - - - [32]

Brazil
Retrospective

study for patients
with IPD

(2007–2012)
n = 328 42.8% 18.6% - 7.9% - 0.3% [33]

A
si

a

Japan Non-
encapsulated SPN

(2011–2019)
n = 71

PISP: 33.8%,
PRSP: 33.8% - 94.3% - - - [34]

Japan Pediatric
population

(2001,
2004,
2007,
2010,
2012)

64.6%,
67.0%,
56.2%,
76.9%
49.5%,

- - - - - [25]

China
Meta analysis

among children
with IPD

(2006–2013)
32%

(total
n = 1345

14.7%
(1216)

94.4%
(1396)

92.3%
(1204)

83.7%
(1335) - [35]

A
fr

ic
a

Tunisia

Ery-R respiratory
and

non-respiratory
SPN

(2010–2016)
n = 86

81.4% PNSP
1.2% high R 64.0% 39.5% 2.32% [36]

Ethiopia
Hospital-based

prospective study,
all age groups

(2018–2019)
n = 57 17.5% 1.8% 59.6% 17.5% 38.6% [37]

Notes: SPN—Streptococcus pneumoniae, IPD—invasive pneumococcal disease, Pen—Penicillin, Cro—
Ceftriaxone, Ery—Erythromycin, Cli—Clindamycin, Tet—Tetracycline, Levo–Levofloxacin.

2.1.2. Infections Caused by Beta-Hemolytic Streptococci
S. pyogenes (GAS) Infections

S. pyogenes is a human pathogen that causes more than 700 million infections annually,
and 18 million severe GAS diseases worldwide, resulting in about 500,000 deaths occurring
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each year due to its multiple virulence factors, most of them unique to this species [2,8].
The different combinations of emm types and other virulence determinants, encoding
various exotoxins and enzymes, evasins and invasins, blocking different steps of immune
defense, could indicate fundamental differences in host–pathogen interactions among GAS
strains. This could contribute to the variety in the pathogenesis of S. pyogenes and clinical
manifestations of streptococcal infections [2,38]. The diseases caused by this pathogen
are of public health significance and include tonsillo-pharyngitis, scarlet fever, impetigo,
erysipelas, cellulitis, bacteremia, streptococcal toxic shock syndrome, and necrotizing
fasciitis, as well as complications such as acute rheumatic fever and post-streptococcal
glomerulonephritis. Soft tissue GAS invasive infections mostly present with shock and
multi-organ failure [5,39]. GAS can infect anyone of any age but is more common and
affects preschool children followed by school-aged children and elderly people [20]. It
usually colonizes the pharynx, and more rarely the genital mucosa. Infections caused by
this bacterial species are highly contagious. The most common causative agent (53.4%) in
maternal sepsis-related death from 2010 through 2016 was S. pyogenes according to some
Japanese authors [40]. GAS diseases have been reported to increase over time in Canada
and the United Kingdom, and new reports focusing on increasing invasive cases also
appear. According to the saying “only if you seek you will find”, in 2015, Public Health
England registered about 1900 cases of GAS bacteremia, while 50 invasive GAS cases were
reported to the Instituto Superiore di Sanità, which hosts a voluntary reporting tool for
Italy. The combination of new genes encoding high virulence associated with antibiotic
resistance in circulating strains plus a host with reduced defenses to infection can lead to
dramatic development in serious GAS diseases [1,40].

The newest developments in whole-genome sequencing technology allow a fairly
detailed characterization of GAS clinical isolates including genes encoding virulence factors,
especially emm type and toxin production, as well as others for antibiotic resistance. The use
of recent technologies can characterize invasive GAS isolates and will provide invaluable
information on population dynamics and strain features associated with emerging lin-
eages, virulence factor distributions, spreading of resistance, and vaccine targets in various
geographic areas [8,41].

Table 2. Distribution of S. pyogenes antibiotic resistance in different countries/regions according to
recent data.

Country (Study Period)
Total n Antimicrobial Resistance Ref.

Eu
ro

pe

Macrolide Lincosamide Tetracycline Qionolone

Bulgaria (2013–2016)
n = 329 23–40% - - - [14]

Greece (2018–2023)
n = 52 20.4% 18.7% 40.8% 2% [42]

Spain (2007–2020)
n = 1983 8.7% 3.9% 12.0% - [43]

Hungary (2008–2017)
n = 1104 10.5% 9.2% - 13.5% [44]

Russia (2014–2017)
n = 792 12.1–17.2% 2.4% - 0.3–0.8% [45]

N
or

th
an

d
So

ut
h

A
m

er
ic

a USA (2016–2017)
n = 3873 16–23% - 22.6% 1.4% [41]

Brazil (2008–2012)
n = 92 14.3% 15.4% 20.9% 0% [46]
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Table 2. Cont.

Country (Study Period)
Total n Antimicrobial Resistance Ref.

A
si

a
an

d
A

us
tr

al
ia

China (2020–2021)
n = 114 94.74% 92.98% 87.72% - [47]

China (2009–2016)
n = 140 93.5% 94.2% 86.4% - [48]

Japan
(2007–2008; 2012;

2018)
n = 634

34.9–60% - - 11.5–14.3% [49]

Taiwan (2000–2019)
n = 320 18.1–58.4% 6–58.4% - - [6]

Australia (2007–2021)
n = 318 6% - 10% 0% [50]

A
fr

ic
a

Northwest
Ethiopia

(2020)
n = 14 21.4% 50% 14.3% 7.2% [51]

Southwest
Ethiopia

(2013)
n = 355 0% 0% 52.5% - [52]

M
id

dl
e

Ea
st

an
d

N
or

th
A

fr
ic

a
re

gi
on

Cyprus,
Saudi Arabia,

Egypt, etc.

(1995–2015)
review

Ranged from
1.1%–12–70% - - - [15]

Table 3. Distribution of S. agalactiae antibiotic resistance in different countries/regions according to
recent data.

Country (Study Period)
Total n Antimicrobial Resistance Ref.

Eu
ro

pe

Macrolide Lincosamide Tetracycline Qionolone

Bulgaria (2018–2019)
n = 107 58.88% 15.89% 94.62% 10.28% [17]

Denmark (2005–2018)
n = 1875

8.1% (2007)
23.8% (2010)

6.5% (2006)
20.4% (2009) - - [4]

Denmark (2018–2019)
n = 101 21.0% 26.0% - - [53]

France (2007–2019)
n = 1262 21.0% - 91.0% - [54]

France (2007–2014)
n = 8757 36.2% 26.3% 86.5% 0.8% [55]

Germany (2009–2010)
n = 978 22.4% 14.1% - - [56]

Iceland (1976–2015)
n = 118 9.0% 1.0% 81.6% 0% [57]

Portugal (2005–2015)
n = 218 16.1% 14.2% 85.8% - [58]

Portugal (2009–2015)
n = 555 35.1% 33.9% - 0.5% [59]

Serbia (2009–2016)
n = 432 23.1% - 86.0% 0% [12]

Serbia (2015–2020)
n = 1071 26.7% 22.1% 85.2% 0% [60]

Spain (2010–2016)
n = 242 21.5% 17.6% - - [61]
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Table 3. Cont.

Country (Study Period)
Total n Antimicrobial Resistance Ref.

N
or

th
an

d
So

ut
h

A
m

er
ic

a USA (2008–2016)
n = 21,250 54.8% 43.2% 83.9% 2.3% [62]

Nicaragua (2019–2020)
n = 85 37.6% 31.7% - 0% [7]

A
si

a

Iran (2017)
n = 27 44.4% 29.6% - 11.1% [63]

China (2008–2015)
n = 193 74.1% 64.2% 68.9% - [64]

China (2015–2017)
n = 304 78.3% 68.2% 80.1% - [65]

Taiwan (2006–2015)
n = 225 48.9% 51.4% - - [66]

Taiwan (2003–2017)
n = 182 68.1% 65.9% - - [67]

A
fr

ic
a

21 countries (1989–2019)
n = 4564 20.82% 19.63% 82.6% 24.56% [68]

S. agalactiae (GBS) Infections

S. agalactiae (GBS) is the second most common cause of streptococcal infections after
GAS. It can cause various severe infections such as meningitis, bacteremia, and sepsis
in infants, which can be life-threatening. GBS is also responsible for invasive infections
in elderly and immune-compromised adults with various medical conditions such as
cirrhosis, diabetes, breast cancer, decubitus ulcer, and neurogenic bladder. This bacterium
possesses many virulence factors similar to GAS such as capsules, adhesins, exotoxins,
enzymes, and invasins, which can inhibit immune response. GBS commonly causes skin
and soft-tissue infections and osteomyelitis, and more rarely endocarditis and pneumonia.
In younger patients, it can also cause uro-genital infections either alone or as a co-infectious
agent [1,69]. Globally, GBS causes more than 300,000 cases of neonatal disease, including
bacteremia (78%), meningitis (16%), and pneumonia (15%), with a fatality rate of over 8%,
resulting in 90,000 infant deaths every year. About 19.7 million pregnant women were
found to have recto-vaginal GBS colonization in 2020. In the same period, more than
394,000 infants were diagnosed with invasive GBS cases, of which 231,800 were early-onset
(infections occurring within the first 7 days of life) and 162,200 were late-onset (occurring
between 7 days and 89 days after birth) [70]. The main risk factor for prenatal-onset GBS
disease and/or invasive complications in infected mothers is maternal GBS colonization
during late pregnancy, especially after the emergence and fast development of resistance to
antimicrobials in S. agalactiae in combination with more virulent capsular serotypes [17,69].
In recent years, a rapid increase in the incidence of various infections, including invasive
infections due to GBS, has been reported. During the period of 1990–2017, a more than
double increase in frequency was observed in all age groups, with the highest increase
recorded in patients aged 65–79, with a mortality rate of up to 25% [1]. The reasons for
this trend have not been elucidated and vaccines are still under development [70,71]. The
primary reason is likely the rapidly developing multi-drug resistance (MDR) of GBS to at
least three antimicrobial groups in recent years [17,69].

2.1.3. Infections Due to Viridans Streptococci

The members of the Streptococci viridans group are part of the oral microbiota, but
they are related to several types of infections described in recent times. Locally, Streptococcus
mutans, alone or in combination with oral Lactobacillus species, is a major reason for the
development of dental caries due to dental plaque and cariogenic biofilm formation and
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strong production of acid products after degradation of sugars in the mouth [72]. The
pathogens S. mutans and oral lactobacilli are named cariogenic bacteria of oral flora because
they are directly associated with the progression of dental caries [72,73].

When low virulent viridans streptococci such as S. mitis, S. oralis, S. intermedius,
S. sanguinis, S. anginosus, S. salivarius, S. bovis, and S. mutans enter the blood stream after
invasive dental procedures, they can cause infective endocarditis. These bacteria have
strong adhesins on their cell wall surfaces that allow them to adhere to cardiac prostheses
or damaged endocardium, leading to biofilm formation in patients with certain heart
conditions or valve prostheses. This type of bacteremia caused by oral streptococci is
challenging to eliminate with antibiotics in high-risk hosts, especially when antimicrobial
resistance occurs. It is a biofilm-mediated infection that is difficult to treat and can even
lead to death [72,73]. Moreover, some streptococcal species, like S. mitis, S. infantis, and
S. oralis, frequently exchange genetic information with S. pneumoniae. S. mitis acts as an
external genetic reservoir for pneumococci and receives many genetic elements from the
pneumococcal genome [23].

2.2. Evolution of Antibiotic Resistance in Streptococcus genus
2.2.1. Alterations in PBPs and Susceptibility to Penicillin and Other Beta-Lactams

Beta-lactam antibiotics are the first line of choice for the treatment of streptococcal
infections, especially in children and pregnant women, as recommended by the Clinical
and Laboratory Standards Institute (CLSI) (https://clsi.org /accessed on 2 April 2024)
and the European Commission on Antimicrobial Susceptibility Testing (EUCAST) (https:
//www.eucast.org /accessed on 2 April 2024) guidelines and according WHO criteria (https:
//www.who.int/news-room/fact-sheets/detail/antibiotic-resistance /accessed on 2 April
2024) [19]. That is why streptococcal susceptibility to penicillin is so crucially important.

Resistance to beta-lactams in pneumococci and viridans streptococci is mediated by
mutations in genes encoding penicillin-binding proteins (pbp) and alterations in the PBP
binding site (Figure 2A), a place where penicillins and cephalosporins bind [32]. The most
common amino acid mutations include N605T in pbp2×, which is present in 57.2% of
tested pneumococcal isolates and the less frequent mutations I371T in pbp2× (in 53.8%)
and N609D in pbp1a (in 34.6%). The first sporadic S. pneumoniae and other streptococcal
isolates with intermediate resistance were reported in Australia, New Guinea, South
Africa, and the United States in the mid-1960s to 1970s [8]. Among 90.5% of penicillin-
resistant S. pneumoniae (PRSP) isolates carried mutations in PBPs, indicating that mutations
were significantly associated with this resistance. These mutations lower the affinity for
penicillin to inhibit the final steps of peptidoglycan synthesis by binding to the PBPs.
PRSP can survive and multiply even during and after antibiotic treatment, and can also
share antibiotic-resistant determinants with each other via transformation [3,32]. PRSP has
spread worldwide and has become resistant to other antimicrobials such as macrolides,
tetracyclines, and chloramphenicol, making it multi-drug-resistant (MDR) [30]. In the
period 2000–2015, PRSPs were found in a low range of 3.8 to 14.3% in the USA and
Turkey [29,31]. In Poland, 45% of PRSPs were reported [21], and in Japan, it ranged from
33.8% and 67% [25,34]. During the same period, penicillin non-susceptibility in causative
agents of invasive pneumococcal disease (IPD) was found to be around 20% in Spain and
Croatia [28,30], 42.8% in Brazil [33], and 32% in China [35]. Since 2015, this resistance
has increased in all pneumococcal isolates up to 39.7% in Argentina [32], 38 to 46.5% in
Bulgaria [16,26,74], and more than 80% in Tunisia [36].

Antibiotic prophylaxis with amoxicillin is recommended against bacteremia, which
occurs during invasive dental procedures due to oral viridans group streptococci and can
lead to infective endocarditis in patients (mostly children) with certain heart diseases. The
discovery of amoxicillin-resistant strains of viridans group streptococci in the mouths of
children carriers (ranging from 5.5% to 86.3%) with heart diseases raises concerns that
prophylaxis with amoxicillin may be ineffective [23,72,75,76].

https://clsi.org
https://www.eucast.org
https://www.eucast.org
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
https://www.who.int/news-room/fact-sheets/detail/antibiotic-resistance
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(Topoisomerase) after mutations in the parC and/or gyrA gene.

The presence of oral viridans streptococci with different levels of resistance to amino-
penicillins in samples collected from oral cavities in healthy children or children with
co-morbidities, especially S. mitis, S. oralis, S. sanguinis, and S. salivarius, was detected.
S. mitis and S. sanguinis showed the most frequently found resistance phenotype, with MIC
values of ampicillin and amoxicillin reaching up to 128 µg/mL. Highly resistant S. oralis
was found more frequently in a study that verified the endodontic content [75,76].

S. pyogenes is regarded as highly susceptible to the beta-lactam family of antibiotics, 80
years after the introduction of penicillin, with stable MICs of GAS, which has an unclear
reason, but since the 1940s, an increasing number of treatment failures have been reported.
In the past 20 years, the rate of penicillin failure dramatically increased to almost 40% and
became significant after 2000 in some regions of the world [77]. As far as is currently known,
the main reasons for penicillin failure are: (i) intracellular persistence of this pathogen due
to the poor penetration of beta-lactams into tonsillar tissues; (ii) inactivation of penicillins
without an inhibitor from beta-lactamase and protection of GAS due to bacteria producing
extracellular beta-lactamase (namely Staphylococcus aureus, Moraxella catarrhalis, Haemophilus
spp., and some of the anaerobes that are commonly part of the resident nasopharyngeal mi-
crobiota or play a role such as co-infection agent); (iii) frequent instances of co-aggregation
between M. catarrhalis colonizing the nasopharynx and some M serotype GAS, which may
enhance streptococcal adhesion to human epithelial cells; the resulting common biofilm for-
mation could be an important factor in explaining therapeutic failures and recurrences due
to the susceptibility to antibiotics of S. pyogenes clinical isolates [51,77]. There have been re-
ports of certain strains of GAS in China, Japan, Mexico, India, and Ethiopia that have shown
increased MICs to penicillin and cephalosporins near or around breakpoints approaching
or exceeding breakpoints [8,9,51]. The criteria for susceptibility to penicillin, and other
beta-lactams according to CLSI are MICs ≤ 0.12 mg/mL (https://clsi.org /accessed on
2 April 2024) and according to EUCAST are MICs ≤ 0.25 mg/mL (https://www.eucast.org
/accessed on 2 April 2024). Out of 7025 studied strains, the newest mechanisms of beta-
lactam resistance in S. pyogenes with mutations in the peptidoglycan synthetic enzyme pbp2x

https://clsi.org
https://www.eucast.org
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gene, similar to those in pneumococci and viridans group streptococci (transformations in
PBPs), were described in 137 probes (samples). Many of the tested strains demonstrated
the possibility of changing in vitro susceptibility to various penicillins and cephalosporins,
enabling them to escape antibiotic pressure. In 2022, Beres et al. [8] analyzed 26465 GAS
genome sequences and identified amino acid changes in PBP1a, 1b, 2a, and 2x. Although
these mutations were found only in a small number of strains, they were associated with
multiple emm streptococcal types, indicating that they could spread to new hosts and cause
invasive infections with high mortality. The new data had shown that mutations such
as PBP2x chimeras may lead to reduced susceptibility to penicillins and cephalosporins
and increased virulence of GAS [8,9]. The first interspecies horizontal transfer from S.
dysgalactiae subsp. equisimilis donors to S. pyogenes of PBP2B and PBP2X resulting in GAS
strains with a naturally acquired chimeric PBP2X protein have significantly decreased
susceptibility to some beta-lactams including penicillin and cephalosporins under posi-
tive antibacterial therapy selection [8]. Detailed information on the latest genetic studies
on pbp2x genes in a very high number of GAS strains and the correlation with MICs to
beta-lactams were presented in 2023 by Yu D.et al. [78]. They stated that mutations in
GAS PBPs occurred rarely, with less than three amino acid changes. Only four out of 9667
strains contained mutations near the active sites of PBP2x or PBP1a transpeptidase. The
authors proposed that GAS with reduced susceptibility to beta-lactams associated with
mutations in the pbp2x gene were widespread, but they are still very rare. The reduced
susceptibility to penicillin and other beta-lactams in GAS has been demonstrated due to
amino acid substitutions within PBPs that affect the ability to bind these antimicrobials
(Figure 2A). The highest MICs >2.0 mg/mL of penicillin were reported from Japanese
patients with pharyngitis during 2006–2008 (≤0.12 mg/mL, according to CLSI) and from
blood and wound samples of GAS isolates in the USA between 2017–2018 (according to
CLSI) that showed Ampicillin eight-fold higher and cefotaxime three-fold higher MICs [78].
They concluded that for most GAS infections, beta-lactam antibiotics must be used as the
first line of choice for treatment, but ongoing surveillance of the GAS population is in the
public health interest and helps clinicians understand the changing nature of medically
important bacteria [78].

GBS is still recognized as being universally susceptible to beta-lactam antibiotics; how-
ever, some authors have reported transformations in PBPs due to amino acid substitutions
in PBP2X, PBP1A, and PBP2b [79]. The prevalence of GBS strains with MICs around sus-
ceptibility breakpoints approaching or exceeding breakpoints is high in Japan, which was
reported to be 2.3% before 2006 and increased to 14.7% from 2012 through 2013 [80]. Nearly
69% of GBS with increased MICs to penicillin become multi-drug-resistant (MDR). This
raises concerns about the use of ampicillin since 1996 in the United States for preventing
the vertical transmission of GBS, which could contribute to the development of MDR GBS,
especially in Japan [80]. African authors found that at least 55% of GBS isolates from
Cameroonian women became MDR [81]. The data presented in the tables are difficult to
compare due to some differences in the interpretation guidelines and evolving changes
in the various years of the two usage systems, and some authors did not strictly indicate
which guidelines they used. Some of the MIC results are significantly higher than the
susceptibility breakpoint, but others are around the cutoff values at this time, and this
may lead to a bias for lower susceptibility to penicillin results. While vancomycin remains
largely effective, there have been a few vancomycin-resistant cases in GBS reported only by
Par et al. in 2014, which have not been confirmed from other studies because, in this paper,
the concept of “higher MIC” was eventually mixed with “resistance” to vancomycin [82].
The presence of GBS with mutations in pbp genes and possibly developing lower suscepti-
bility later to beta-lactams are serious health problems, especially for children and pregnant
women [79]. Cefotaxime is recommended as a first-line drug for the treatment of early- and
late-onset neonatal sepsis, lung infections, and meningitis in modern neonatology. The
development and spread of possible GBS resistance to third-generation cephalosporins,
and even more so to vancomycin, are becoming important global problems [63]. The drug
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options for the prevention and treatment of infections due to GBS are limited, and they are
increasingly limited for infections due to MDR GBS [82].

2.2.2. Resistance to MLSB Antibiotics

There is an increasing resistance to alternative antibiotics of penicillins such as macrolides
and lincosamides among the Streptococcus genus, especially in Asia [6,34,35,47]. Macrolide resis-
tance (MR) is the most common type of resistance among pneumococci and beta-streptococci
groups A and B. Macrolides are commonly used to treat respiratory tract infections in both
children and adults and were used empirically during the COVID-19 pandemic [83,84]. The
first MR S. pneumoniae isolates were detected in 1967 in Canada [27]. MR rates vary widely de-
pending on geographic regions. The earlier data (before 2010) for European IPD agents on MR
varied from 20–26.6% in Spain [30] up to 44.9% in Serbia [37]. Later reports from numerous
European studies showed dramatically higher MR for invasive and non-invasive pneumo-
coccal isolates: 47.7% in Turkey [29], 43.9–58.5% in Bulgaria [16,26], 52.9% in Poland [21],
37.5–45.2% in the USA [31], 59.6% in Ethiopia [46], and more than 94% found in China [35] and
in Japan [25,34]. The highest level of resistance (92.3%) to clindamycin was detected in recent
years in China [35]; in Tunisia it was 64.0% [36], in Turkey 52.4% [29], in Poland 51.0% [21],
and in Bulgaria 46.9% [16]. Combined resistance to ß-lactams and macrolides–lincosamides
in S. pneumoniae, particularly in childhood, has rapidly spread and become a difficult global
problem to overcome [3,13].

The first S. pyogenes clinical isolate presenting MR was found in the USA in 1968.
Authors from Brazil reported that MLSB resistance during 2008–2012 was 14.3–15.4% [42].
From 2013 to date, the incidence of MR dramatically increased up to 20–40%, and lin-
cosamide up to 19% in several European countries, such as Bulgaria and Greece [14,44].
However, GAS isolates have varied widely, both geographically and temporally. In other
European countries during 2008–2020, the rate of MR remained low in Hungary and Spain,
in the range of 3.9–13.8% [43,84,85].

In some African countries such as Ethiopia, resistant GAS appeared after 2013. At
2020 MR is up to 21% and clindamycin resistance becomes to 50%. In the Middle East and
North Africa the results vary widely from 4.2% to 23% in Lebanon and 0.2% to 33.9% in
Iran, but from 14.3% in Northwest Ethiopia to 52.5% in Southwest Ethiopia and 70% in
Yemen [15,48,51,52]. In the USA, MR has ranged from 16% through 23% [41]. The highest
level of resistance is reported in the Asian area. The emergence of MR GAS in Taiwan
has been associated with the emm12-ST36/erm(B) lineage spreading, and has increased
from 18% in 2009 to 58% a few years later [6]. In China, MR in combination with emm12-
ST36/erm(B) and emm1-ST28/erm(B) rose from 15% in 2000 to 95% during the COVID-19
pandemic [27,49]. In Japan, it has been found that distributions of emm types 12 and
28 in GAS isolates during different periods are associated with the erm(B) gene and the
presence of high MR prevalence in 60.9% [86]. A relationship between GAS virulence and
MR has emerged in the last few years. The MLSB phenotype and especially erm(B) genes
are associated with the prevalence of several emm types in different periods and regions
(emm12, 4, 28, 77, 75, 11, 22, 92, 58, 60, 94, 63, 114). Four emm clusters (A-C4, E1, E6, E2)
have been linked to MR, as well as the increasing cell invasiveness of GAS [27,50,87]. Only
in Australia and Russia was the GAS resistance at low levels—MR 6–17.2% and 0–2.4% for
clindamycin, respectively [45,62].

The evolution of GBS resistance to macrolides/lincosamides shows an increasing
trend during the last decade in the USA, up to 54.8%/43.2% [53], and in most European
countries such as Bulgaria (58.88%/15.89%) [17], Denmark (23.8%/26%) [4,58], Portugal
(16.1–35.1%/14.2–33.9%) [59,60], and Serbia (23.1–26.7%/22.1%) [12,54]. In contrast, a slight
downward trend has been found in France (36.2–21%/26.3%) [55,56], and slower increasing
results were reported in Germany (22.4%/14.1%) [61] and Spain (21.5%/17.6%) [65]. Only
Iceland has reported a resistance rate of less than 20% to the MLSB group with no increase
before the COVID-19 pandemic [65]. This problem is of particular concern, with the in-
vasive GBS isolates reported to be resistant in China and Taiwan with rates ranging from
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78% and 49–68% to macrolides and 68% or 51.4–66% to lincosamides before 2017 [64,66–68].
African authors from 21 countries reported MLSB resistance of about 20% and tetracycline
resistance of more than 82% before 2019 [88]. The use of clindamycin, which is the pre-
ferred therapeutic agent for patients with streptococcal pneumonia, empyema, soft tissue
abscess, and toxin-mediated infection due to its inhibition of bacterial toxin production, is
hindered when resistance is present, and this can be fatal for the patient. An association
between increasing antibiotic resistance and the prevalence of type III and V GBS isolates,
particularly CC-12 and CC-17 4 strains, was reported in some regions [6,17].

Major mechanisms of MLSB resistance that appear in the Streptococcus genus are:
(i) ribosomal target enzyme modifications (Figure 2B) caused by rRNA methylases that lead
to cross-resistance between macrolides, lincosamides, and streptogramins B (expressed
constitutive—cMLSb or inducible—iMLSb phenotype encoded by erm-class genes; (ii) ri-
bosomal target alterations (Figure 2B)—mutations in the domain V of 23S rRNA chain or
ribosomal L4 and L22 proteins responsible for macrolide resistance in pneumococci and
some streptococci; (iii) the presence of active efflux pumps (Figure 2C) causes bacterial
resistance to macrolides alone (usually associated with M phenotype), and mefA, mefE,
msrD genes defined resistance to 14- and 15-member lactone-ring macrolides, but not to 16-
membered macrolides, lincosamides, or to streptogramin B antibiotics; the adenylation of
clindamycin due to a nucleotidyl-transferase led to bacterial resistance to clindamycin (lnu
family genes) [89,90]. MLSB resistance in streptococci is commonly mediated by two classes
of methylases determined by chromosomally located genes erm(B) (at first identified in
S. sanguinis) and erm(TR), which is a subclass of erm(A), with 82.5% nucleotide identity
between them. In contrast to erm(B), which is primarily associated with a cMLSB phenotype
and rarely with an iMLSB, genes erm(TR) and erm(A) were encoding iMLSB phenotype and
occasionally some strains with these genes and cMLSB have been reported. While all types
of iMLSB isolates are susceptible to lincosamides, those with cMLB are highly resistant
to them. Notably, resistance to ketolides is observed in cMLSB and iMLSB-A S. pyogenes
isolates. The MR gene erm(B) blocks the binding of macrolides to ribosomes (antibiotics
targeting protein synthesis), while mef(A) and mef(E) genes produce an efflux pump that
regulates the entry of the antibiotics [89,90].

2.2.3. Resistance to Tetracyclines

Tetracyclines are not commonly used to treat pneumococcal and other streptococcal
infections because they are not suitable for use in childhood and in pregnant women
to eliminate group B streptococcus. However, there is a high resistance to tetracycline
(TR) among Gram-positive and Gram-negative bacteria because this antibiotic is relatively
cheap, and is extensively used for prophylaxis and treatment of animals, as well as for
the therapy of some human infections around the world [67,68]. Many authors reported
increasing TR after 2010 for pneumococcal isolates in various countries. Resistance rates
were found to be 39.5% in Bulgaria [16], 43.1% in Poland, [21], 38.6% in Ethiopia [46], 39.5%
in Tunisia [36], and 83.7% in China [35]. Moderate levels of resistance were detected at
20.9–22.4% in Brazil and the USA [34,42]. For GAS isolates, problematic TR was found in
the range of 40.8% in Greece [44] to 87.72% in China [35,66]. High levels of GBS TR were
detected in many countries after 2010 in a range of 68.9–80.1% in China [35] to 82.6% in
Africa [69]; Europe: 81.6% in Iceland [65] up to 86% in Serbia [12,54], 85.8% in Portugal [54];
86.5–91% in France [55,56] and 94.62% (2018–2019) in Bulgaria [17]. The mechanisms of TR
in streptococci mainly include ribosomal protection, enzymatic deactivation (Figure 2B),
and efflux pumps (Figure 2C), all of which inhibit protein synthesis and are acquired
through the acquisition of tet genes, with the tetM gene being highly prevalent and tetK,
tetL, and tetO being less frequent [54,59,65,66,85,91]. Combined TR and MR are usually
linked with the insertion of erm(B) into the Tn916 transposon carrying tetM. This raises
serious concerns about the important role of streptococcal and pneumococcal TR strains
in the spread of MR strains. The reason for this is that the main source of tetM is the
easy-to-transfer Tn916 family [23,92]. Integrative conjugative elements in GAS strains
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are self-replicating DNA segments that can be transferred from cell to cell through direct
conjugation, and this mechanism is often used for the horizontal transfer of antibiotic
resistance elements such as: erm(A), erm(B), erm(T), erm(TR), mef(A), msr(D), tet(M), and
tet(O) [93].

2.2.4. Resistance to Fluoroquinolones

The new fluoroquinolones (levofloxacin, moxifloxacin, and gatifloxacin) exhibit strong
in vitro activity against members of the Streptococcus genus and are successfully used for
the treatment of respiratory tract infections in adults and uro-genital tract infections. A
new problem has arisen with the emergence of the first Gram-positive cocci with loss of
sensitivity to the respiratory quinolones. The level of this resistance in pneumococci
has been low in recent years [26,28,33,36]. The first reports for fluoroquinolone-non-
susceptible GAS strains in Belgium presented a significant increase from 4.3% (2008) to
21.6% (2010) due to reserpine-sensitive efflux and mutations in topoisomerase genes parC
and gyrA [94]. Clonality was determined by emm typing with a significant increase in
emm6 strains among fluoroquinolone-non-susceptible GAS [94]. Increasing resistance to
this group (antimicrobial class) has been reported in Asia. Before 2020 it was between
11.5–14.3% for Japanese GAS isolates [86] and 11% for Iranian GBS isolates [47]. However,
reports from China indicate that there has been a dramatic increase in quinolone-resistant
GBS isolates in pregnant women, with rates increasing up to 72.9% in 2021 [95]. In Africa,
the evolution of this resistance varied between 7.2% for Ethiopian GAS [51] to 24.56% for
GBS in this region [69]. Additionally, some European countries reported 10.28% resistant
Bulgarian GBS isolates at first, and 13.5% resistant Hungarian GAS strains [17,43]

The mechanism of quinolone resistance (Figure 2D) is based on changes in topoiso-
merase IV and DNA gyrase which are hetero-tetramer proteins composed of two subunits:
DNA gyrase, encoded by genes gyrA and gyrB, and topoisomerase IV, encoded by the
genes parC and parE. The resistance most commonly develops after a stepwise mutation in
determining regions of either the parC/E or the gyrA/B gene. The combined mutations in the
parC or gyrA gene play the most effective role in the development of high-level resistance
to quinolones, as mutations in either the parC or the gyrA gene alone can lead to low-level
quinolone resistance [96].

3. Methods
3.1. Search Strategy and Inclusion and Exclusion Criteria

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
are used for structuring and transparent approaches to identifying, screening, and selecting
studies for inclusion in a systematic review or meta-analysis [97]. Published English-
language articles from the last 10 years were included, with the most recent trends in
resistance in various countries worldwide, and single studies from older years. For this pur-
pose, we used four databases: PubMed, Scopus, Web of Science, and Google Scholar with
the suitable keywords in the title or abstract searches using all combinations of the following
terms: “Streptococcus species“, “Streptococcus pneumoniae”, “Streptococcus pyogenes”, “Strepto-
coccus agalactiae”, “Streptococcus viridans group“, “streptococcal infections”, “antibacterial
resistance”, “streptococcal antibiotic resistance”, and “mechanisms of resistance”.

3.2. Quality Assessment and Data Extraction

After the initial screening, the selected articles were analyzed based on the inclu-
sion and exclusion criteria. To assess the quality of the selected studies, both reviewers
independently evaluated the methodologies and results presented in each article.

3.3. Characteristics of Eligible Studies

The selected studies covered a diverse range of streptococcal infections and problem-
atic types of antibiotic resistance in the genus Streptococcus. Data about the resistance of
streptococcal isolates from 36 geographic regions (Figure 1) were included and analyzed
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in the present review. This review provides a comprehensive analysis of the dynamics
of streptococcal antimicrobial resistance, which become problematic for the eradication
of pathogens causing treatment failure and specific resistance mechanisms identified in
streptococci to date.

The review presents up-to-date information on in vitro susceptibilities to antibiotics
suitable for the treatment of streptococcal infections, as well as the geographical distribution
and levels of streptococcal antimicrobial resistance predominantly over the last 15–20 years.
Genetic elements encoding different resistance mechanisms and their association with
pathogen serotypes and/or infection types are indicated and discussed.

4. Conclusions

The results for antibiotic resistance are quite alarming, and urgently call for monitoring
of this problem of immense magnitude and implementation of precautionary measures
for controlling the spread of resistant mutant strains. For most streptococcal infections,
especially in children and pregnant women, beta-lactam antibiotics must remain the first-
line choice for the treatment, but the use of non-personalized empiric broad-spectrum
antimicrobial therapy promotes the spread of MDR streptococcal etiologic agents. This fact
creates a vicious circle that must be overcome by antibiotic policy. Studying the evolution
of this process and the mechanisms responsible for the spread may help to find ways to
slow the progression of resistance and discover alternative promising therapies for serious
diseases due to the genus Streptococcus.
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