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Abstract
Mycoplasma pneumoniae is a leading atypical cause of community-acquired pneumonia 
in children and adults, and the prevalence of resistance to macrolides, the recommended 
first-line agents, varies markedly by region. Since the fastidious growth of M. pneumoniae 
makes phenotypic antimicrobial susceptibility testing impractical for routine use, clinical 
microbiology laboratories have focused on 23S rRNA gene-targeted molecular detection. 
This mini-review examines the molecular mechanisms of macrolide resistance, laboratory 
detection strategies, global epidemiology, and clonal dynamics revealed by molecular typing. 
Macrolide resistance is primarily driven by point mutations in domain V of the 23S rRNA gene, 
with A2063G accounting for most mutations worldwide, and A2064G being reported less 
frequently. Resistance in Korea rose from 2.9% in 2003 to 87.2% in a 2015 pediatric cohort, 
with subsequent studies reporting persistently high rates of approximately 78-87%. Earlier 
molecular typing studies suggest that this high resistance burden has been associated, at 
least in part, with the expansion of sequence type (ST) 3 and ST14 lineages. In contrast, Japan 
and Taiwan showed sharp declines following reductions in macrolide prescribing and P1 
genotype turnover. Following the COVID-19 pandemic, a strong resurgence centered in East 
Asia, the possible global dispersal of ST3 and ST14 to Australia, Iran, and Canada, and the 
impact of co-circulation with influenza H3N2 have been reported. Real-time polymerase 
chain reaction (PCR) with simultaneous detection of 23S rRNA gene mutations and targeted 
metagenomic sequencing are emerging as next-generation surveillance tools. In summary, 
clinical microbiology laboratories should integrate M. pneumoniae detection with 23S 
rRNA gene resistance mutation detection using molecular assays and strengthen typing-
based surveillance, thereby responding actively to the changing dynamics in East Asia and 
contributing to antimicrobial stewardship.
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Introduction
Mycoplasma pneumoniae is a major atypical respiratory pathogen that accounts for up to 40% of 

community-acquired pneumonia (CAP) cases in children and adolescents and as much as 70% during 

epidemic periods [1]. Macrolides have long served as the recommended first-line therapy and have been 

used as an adjunct treatment for severe CAP because of their antimicrobial and immunomodulatory effects [2]. 
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However, the global spread of macrolide-resistant M. pneumoniae (MRMP), mediated by point mutations in 

the 23S rRNA, has challenged this empirical paradigm [3,4].

Because M. pneumoniae grows slowly and is fastidious, conventional culture-based phenotypic 

antimicrobial susceptibility testing (AST) is impractical for routine diagnostic use and has been widely 

used for research purposes [3]. Consequently, clinicians have long relied on empirical prescribing without 

laboratory-derived resistance data. However, the overwhelming East Asian resistance burden exceeding 

60% [4], the strong post-COVID-19 resurgence centered in East Asia [5], and the global dispersal of specific 

clones such as sequence type (ST) 3 and ST14 [6–8] have made the rapid molecular detection of resistance a 

core function of clinical microbiology laboratories.

From a laboratory perspective, the diagnosis of M. pneumoniae resistance is necessarily anchored in 23S 

rRNA-targeted molecular assays because the organism’s fastidious nature precludes routine phenotypic AST. 

This minireview integrates the molecular mechanisms underlying M. pneumoniae resistance, laboratory 

detection strategies, global and Korean epidemiology, and clonal dynamics from a molecular typing 

perspective.

Mechanisms of antimicrobial resistance

Macrolide resistance — point mutations in 23S rRNA domain V dominate
Macrolide resistance in M. pneumoniae arises almost exclusively from point mutations in domain V of the 

23S rRNA gene. A global meta-analysis identified A2063G as the most frequent mutation (pooled estimate, 

96.8%), followed by A2064G (pooled estimate, 4.8%) [9], both of which confer resistance to 14-membered 

(erythromycin and clarithromycin) and 15-membered (azithromycin) macrolides [10–12]. The frequency 

of A2064G/C varies regionally: 14.8% (4/27) of resistant isolates in the United States [13] and 1.8% in a 

Russian outbreak [14]. Less common mutations such as A2067G/C and C2617G/A have been sporadically 

reported and are associated with low- to intermediate-level resistance [15,16], with A2067 alterations 

specifically linked to 16-membered macrolide resistance.

L4 and L22 ribosomal protein variants observed in clinical isolates appear largely as polymorphisms 

linked to specific P1 types, rather than as independent high-level resistance determinants [17]. In a Qingdao 

cohort, all isolates harbored the L22 T508C variant in conjunction with 23S rRNA A2063G, while P1 type 

2 isolates predominantly carried L4 C162A·A430G and L22 T279C [17], possibly suggesting that several 

L4/L22 variants act as P1 lineage markers rather than as true resistance determinants. Accordingly, L4/L22 

sequencing is more useful as an adjunct to molecular typing than as a stand-alone resistance test in clinical 

microbiology laboratories.

The evolutionary trajectories of resistance under in vitro drug pressure were characterized. Stepwise 

selection of the M129 reference strain under five macrolides (erythromycin, roxithromycin, azithromycin, 

josamycin, and midecamycin) revealed differential mutation pathways: 23S rRNA mutations (C2617A/T, 

A2063G, and A2064C) emerged preferentially under 14- and 15-membered macrolide pressure, whereas 

A2067G/C was selected under 16-membered macrolides, and midecamycin additionally drove progressive 
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accumulation of L4 ribosomal protein variants (G72R and G72V) with stepwise minimum inhibitory 

concentration (MIC) elevation [18]. As 16-membered macrolides are rarely used clinically, these data 

support 23S rRNA as an appropriate primary diagnostic target. However, surveillance of L4 ribosomal 

protein variants may be necessary if 16-membered macrolides are introduced for clinical use in the future. 

Efflux pump (mefA and msrA/B) expression has been demonstrated in some isolates, and reserpine 

supplementation reduces azithromycin MICs, suggesting an ancillary contribution from non-23S rRNA 

mechanisms [19]; however, the prevalence of efflux-mediated resistance among clinical isolates is far lower 

than that of 23S rRNA mutations, making it a low priority as a routine diagnostic target. Finally, whole-

genome analysis of Korean ST3 isolates identified a strong association between macrolide resistance and 

tandem repeat copy number variation in mpn085 and mpn285 of the type I restriction-modification system 

[20]. This finding raises the possibility of incorporating mpn085 tandem repeat data as an additional variable 

in whole-genome sequencing (WGS)-based resistance prediction models, potentially explaining the subtle 

phenotypic variations that 23S rRNA mutations alone cannot account for.

Fluoroquinolone and tetracycline resistance
Fluoroquinolone resistance mechanisms in other Mycoplasma species are well established as point 

mutations in the quinolone resistance-determining region (QRDR) of gyrA, gyrB, parC, and parE; in 

M. pneumoniae, however, only in vitro induced mutants have been described [14]. Similarly, multiplex 

amplicon sequencing of French outbreak isolates identified no QRDR mutations that were clearly linked 

to fluoroquinolone resistance [21], and full-length sequencing of parC, parE, gyrA, and gyrB in a Russian 

outbreak detected no clinically meaningful QRDR variants [14]. Therefore, fluoroquinolone susceptibility 

remained uniformly high among the clinical isolates [12]. Tetracycline susceptibility is similarly preserved 

[22], with only in vitro-induced 16S rRNA point mutations (e.g., A71G and A1173T), and no acquired 

determinants, such as tetM, identified [23].

Laboratory detection of resistance

Limitations of phenotypic AST
M. pneumoniae is a slow-growing, fastidious organism that renders culture-based phenotypic AST 

unsuitable for routine clinical use [3]. Therefore, resistance information available to clinicians depends on 

23S rRNA-targeted molecular assays.

Real-time polymerase chain reaction (PCR)
A range of molecular platforms that vary in target, specimen type, and turnaround time have been 

developed [24]. Real-time PCR detects 23S rRNA A2063G/A2064G mutations using probe-based melting 

or allele-specific approaches, and is the most widely adopted format for the simultaneous identification of M. 

pneumoniae and macrolide resistance mutations. The detection of all sequence variants requires additional 

Sanger sequencing after PCR, which is more cumbersome [25]. Therefore, a pragmatic clinical-laboratory 
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algorithm proceeds in two steps: real-time PCR for primary identification with simultaneous 23S rRNA 

mutation detection, followed by confirmatory sequencing of samples with mixed peaks, atypical melting 

curves, or non-targeted variants.

In Korea, the need for assays that simultaneously identify M. pneumoniae and detect macrolide resistance 

is recognized. A case report of two siblings with MRMP carrying A2063G was confirmed by direct 

sequencing [26], and a multicenter analysis of 195 specimens from primary and tertiary centers demonstrated 

a significantly higher positivity rate at primary centers (12.1%) than at tertiary centers (2.8%; P = 0.033), 

highlighting the clinical need for an integrated assay combining the detection of M. pneumoniae with the 

simultaneous evaluation of 23S rRNA A2063G [27].

The absence of a 23S rRNA mutation did not necessarily indicate macrolide susceptibility. The sensitivity 

of PCR assays for M. pneumoniae detection ranges from 80% to 100%, depending on the assay and 

specimen quality [28], and false-negative results have been attributed to low bacterial load, suboptimal 

sample collection, and transport conditions; sample-matrix-derived PCR inhibitors can be flagged by internal 

controls and partly mitigated by inhibitor removal during sputum processing [29]. Heteroresistance, the 

coexistence of wild-type and mutant M. pneumoniae subpopulations within a single clinical sample, poses a 

further interpretative challenge; mixed populations have been reported in up to 41.4% of macrolide-resistant 

samples by next-generation sequencing (NGS), with minority resistant variants potentially missed by Sanger 

sequencing alone [21]. Therefore, atypical signals or mixed peaks should prompt confirmatory sequencing or 

repeat testing (Fig. 1).

Fig. 1. Practical molecular diagnostic algorithm for macrolide-resistant Mycoplasma pneumoniae in the routine 
clinical microbiology laboratory. PCR, polymerase chain reaction.
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In emergency settings and at the time of pediatric admission decisions, results within 24–48 h are decisive. 

A 3D-printed microfluidic qPCR platform has been reported to perform sample-to-answer identification of M. 

pneumoniae together with A2063G/A2064G detection within 80 min [24]. Future cartridge-based point-of-

care platforms that incorporate 23S rRNA mutation detection into their standard panels could enable targeted 

antimicrobial selection, even in emergency settings.

NGS
M. pneumoniae-specific capture-based targeted metagenomic sequencing (tNGS) is emerging as a 

next-generation surveillance platform that simultaneously analyzes whole-genome content and macrolide 

resistance variants directly from PCR-positive specimens without culture. However, practical limitations 

persist, such as the limited feasibility of testing small numbers of samples and turnaround times of several 

days, which may not be sufficient for routine clinical laboratory use. Tam et al. [7] recovered 124 high-quality 

genomes from 356 PCR-positive specimens collected nationally in Australia and reported a predominance 

of P1 type 1 (69%), the appearance of ST3 and ST14, and the finding that all detected resistant isolates 

(13%) belonged to the ST3 or ST14 lineages. Thus, a single workflow can deliver (i) species identification, 

(ii) macrolide resistance variants, (iii) P1 typing, (iv) multilocus sequence typing (MLST), and (v) global 

phylogenetic placement, dramatically improving surveillance efficiency by eliminating resource-intensive 

culture steps. In France, multiplex amplicon sequencing simultaneously targeting 23S/16S rRNA, rplD/rplV 

(L4/L22), and gyrA/parC has enabled broad resistance screening in a single run [21], showing targeted NGS 

as a central tool for comprehensive resistance surveillance.

Global epidemiology

Global prevalence
A meta-analysis of 98 studies and 17,873 isolates from 2000 to 2020 documented striking regional 

variations in the prevalence of MRMP: 63% in Asia, 8.6% in North America, 3% in Europe, 3.3% in 

Oceania, and 0% in South America [30]. A complementary trend analysis confirmed the predominance of 

23S rRNA A2063G (96.8%) and A2064G (4.8%), and a higher pooled MRMP prevalence among pediatric 

studies (37%) than in adult studies (15.9%) [9].

East Asia
In Beijing, China, the mean MRMP reached 90.6% during 2008–2012 [31], and a 2018–2024 children’s 

hospital cohort showed that M. pneumoniae positivity dropped to the lowest level of 17.0% in 2021, before 

rebounding to 62.8% by 2024, whereas MRMP reached 96.9% and remained above 95% since 2022 [32]. 

In Korea, resistance increased from 2.9% in 2003 to 62.9% in 2011 [10] and reached 87.2% in 2015 [33], 

remaining at 78.4% in a 2018–2020 multicenter cohort of 1,063 patients [34] and 87.0% in a 13-hospital 

cohort [28], among the highest sustained levels worldwide (Table 1). In contrast, Japan and Taiwan have 

shown sharp declines: in Japan, during the period of ST3 and ST14 dominance (2002–2016), MRMP 
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The contrast is stark: Korea and China remain locked into high-level resistance, whereas Japan and Taiwan 

show distinct downward trajectories— unmistakable East Asian decoupling. Ouchi et al. [5] attributed 

the Japanese decline to (i) the 2011 pediatric guidelines approving tosufloxacin and a subsequent national 

antimicrobial resistance action plan that reduced macrolide consumption by 47.5% between 2013 and 2021 

and (ii) herd-immunity-driven turnover of the P1 genotype from type 1 (MRMP) to type 2 (macrolide-

susceptible M. pneumoniae). The Japanese and Taiwanese experiences constitute a natural experiment 

demonstrating that combined reductions in prescribing pressure and natural immune dynamics can reverse 

resistance within a short timeframe, suggesting that integrating macrolide-prescribing surveillance with 

molecular typing surveillance in Korea could provide a critical evidence base for a stewardship policy.

United States and Europe
MRMP has remained at relatively low levels of 2%–10% in the United States [13,38,39]. However, in 

a recent pediatric cohort in Ohio, the post-pandemic resurgence of M. pneumoniae was accompanied by 

monthly MRMP fluctuations between 0% and 8.7%, which directly mirrored the community azithromycin 

prescribing during the same period [40]. This finding suggests that the relative prevalence of resistant strains 

can be determined within a short timescale by community-level prescribing pressure rather than by the 

importation of external strains alone, and offers a real-time platform for evaluating antimicrobial stewardship 

interventions. The authors further concluded that real-time MRMP surveillance provides actionable 

information for the management of pediatric M. pneumoniae infections, underscoring the bidirectional link 

between laboratory-based surveillance and prescribing policies. In Europe, MRMP has been reported at 26% 

in Italy (2010), 8% in Spain (2013–2017), 9.3% in the United Kingdom, 3.4%–8.3% in France, and below 

4% in Germany and Scandinavia, generally at low levels. The prevalence of MRMP in Europe has been 

epidemic wave-dependent, peaking in Italy and Scotland during the 2010–2011 epidemic and remaining 

undetected in Finland and the Netherlands. In the Italian 2010 outbreak, both A2063G and A2064G 

exceeded 80% during the 2011–2012 epidemic but fell sharply to approximately 11% in 2018–2019 as the 

susceptible STs ST7 and ST33 displaced the previously dominant lineages [35,36]; in Taiwan, MRMP rose 

to 85.7% in 2020 and then collapsed to 0% during the 2022–2023 COVID-19 period [37].

Table 1. Trend of macrolide-resistant Mycoplasma pneumoniae prevalence and dominant sequence types in Korea
Period Sample (n) MRMP prevalence (%) Dominant ST / clone Notes Reference
2000–2011 
(longitudinal)

2,089 specimens / 255 
MP+ / 80 with mutation

2.9 (2003) → 62.9 (2011) Not typed National longitudinal trend [10]

2010 
(Oct–Nov)

195 / 17 MP+ 17.6 (3/17, A2063G) Not typed MP positive in primary clinic (12.1%) vs. 
tertiary hospital (2.8%)

[27]

2015 94 patients 87.2 (82/94) Not typed Pediatric; A2063G dominant [33]
2018–2020 1,063 enrolled / 454 MP+ 78.4 (all A2063G) Not typed Prospective multicenter [34]
2019–2020 1,228 specimens / 93 MP+ Overall 78.5 (73/93); ST3 

98.5%; ST14 38.9%
ST3 71.0% / ST14 19.4% 

(3 novel STs)
4 hospitals; ST3 → ST14 transition [45]

2023 
(Sep–Dec)

474 screened / 374 
confirmed

87.0 Not typed 13 major hospitals; corticosteroid co-
prescription 55.6%

[28]

Not typed indicates that sequence typing was not performed in the original study.
Abbreviations: MP, Mycoplasma pneumoniae; MRMP, macrolide-resistant Mycoplasma pneumoniae; ST, sequence type.



Macrolide-resistant Mycoplasma pneumoniae

Annals of Clinical Microbiology 2026 September Vol.29(3) 7

mutations were detected, with three patients initially carrying susceptible genotypes acquiring A2063G 

during hospitalization [41,42].

Impact of COVID-19 and post-pandemic resurgence
After non-pharmaceutical interventions (NPIs; e.g., masking, physical distancing, school closures, and 

travel restrictions) were introduced in 2020, the global M. pneumoniae detection rate fell sharply from 8.61% 

to 1.69%; within the same surveillance, the proportion of MRMP also declined, from 176 of 762 detections 

(23.10%) to 1 of 22 (4.55%), suggesting that NPIs were associated not only with reduced transmission but 

also with a temporary release of selection pressure for resistant strains [43]. From the second half of 2023, 

however, a strong resurgence centered in East Asia was reported [5]. A 24-country, 45-sentinel-site analysis 

showed that the global detection rate rose approximately fivefold from a mean of 0.82% from April 2022 to 

March 2023 to 4.12% from April to September 2023, and Beijing Children’s Hospital documented a parallel 

rebound in M. pneumoniae positivity from 17.0% (2021) to 62.8% (2024) [32]. In Shanghai during 2023, a 

cohort of 38,668 patients with lower respiratory tract infections identified 11,919 M. pneumoniae-positive 

cases, with the highest prevalence of P1 type 1 and MRMP strains in children aged 5–10 years. Notably, 

neutralizing antibody titers against the most recent H3N2 influenza were significantly elevated in the M. 

pneumoniae-positive group, while lymphocyte, basophil, and eosinophil counts were reduced, and C-reactive 

protein (CRP), neutrophil, and monocyte counts were elevated, suggesting that recent H3N2 infection 

may potentiate M. pneumoniae susceptibility through respiratory epithelial inflammation and modulation 

of host immunity. Within the same cohort, no such elevation was observed for influenza A H1N1pdm09 

or SARS-CoV-2 Omicron variants, suggesting a possible H3N2-specific association; the authors proposed 

that H3N2-induced respiratory epithelial damage and host immune modulation may facilitate subsequent 

M. pneumoniae infection [44]. These findings argue for surveillance that goes beyond a single pathogen to 

track sequential and co-infection dynamics with respiratory viruses, and from a laboratory perspective, they 

highlight the need for integrated operation of respiratory virus panels with M. pneumoniae molecular assays 

as well as attention to biomarkers such as complete blood count and CRP.

Molecular typing and clonal dynamics
Molecular typing is a key tool in elucidating the drivers of M. pneumoniae resistance epidemiology. 

The field has progressed from PCR-based DNA fingerprinting in the 1990s to restriction fragment length 

polymorphism analysis of the RepMP regions of the P1 gene (MPN141), multilocus variable-number 

tandem repeat analysis (MLVA), MLST, and single nucleotide polymorphism typing [25]. Recently, tNGS 

was introduced as a next-generation surveillance tool that simultaneously analyzes the whole-genome content 

and macrolide resistance variants directly from PCR-positive specimens [7]. Molecular typing surveillance 

(i) provides early detection of the emergence and dissemination of novel clones, (ii) clarifies the causal links 

between prescribing pressure and clonal dynamics, and (iii) monitors the natural dynamics of herd immunity-

driven turnover, providing a critical evidence base for stewardship policies.

The increase in macrolide resistance in Korea resulted from clonal expansion of specific STs rather than 
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from sporadic mutation events. The rapid expansion of ST3 clones has been observed in Korean MRMP 

isolates [6]. In contrast, in Japan, the dominance of ST3 and ST14 was replaced after 2018 by a type shift to 

susceptible lineages ST7 and ST33, accompanied by a sharp decline in resistance [35]. A subsequent Korean 

study (2019–2020) recovered 93 culture-positive isolates from 1,228 respiratory specimens and reported, by 

MLST, ST3 in 71.0% and ST14 in 19.4% of cases, indicating a transition from single ST3 dominance to a 

significant increase in ST14, with markedly different macrolide resistance rates of 98.5% for ST3 and 38.9% 

for ST14 [45]. This ST3 to ST14 transition raises the possibility that herd immunity to a single ST3 clone in 

Korea enables niche expansion of ST14. Whether the resistance rate in ST14 increases in subsequent years 

may become the central surveillance indicator of MRMP dynamics in Korea.

WGS-based surveillance surpasses MLVA and MLST as next-generation tools because it (i) tracks clonal 

dynamics at a single-nucleotide resolution, (ii) analyzes multiple targets—23S rRNA, L4, L22, and gyrA/

parC—within a single workflow, and (iii) reconstructs regional importation and dissemination pathways 

within global phylogenies. Australian tNGS analysis recovered 124 high-quality genomes, reported P1 type 

1 in 69% and MRMP in 13%, found that all detected resistant isolates belonged to ST3 or ST14 lineages, and 

inferred from phylogenetic analysis that they were possibly imported East Asian resistant clones rather than 

autochthonous Australian ancestral lineages [7].

In China, MLVA M4572 in Beijing remained dominant at 70.77% during 2016–2019, although its 

proportion declined from 84.49%, whereas the proportion of M3562 increased from 11.63% to 24.67%, 

and macrolide resistance within M3562 increased from 60% to 93.48%, illustrating clonal selection under 

macrolide exposure pressure [46]. In a post-COVID outbreak in Baoding, M3562 emerged as the dominant 

type at 74%, accompanied by 92.7% macrolide resistance and clinical features such as elevated D-dimer and 

lactate dehydrogenase [47].

These Asian-origin ST3 and ST14 resistant clones have recently disseminated to other continents. In 

Canada, the reversal from P1-2 to P1-1 dominance began before the pandemic (P1-1 78.3% during 2013–

2020) and persisted through the 2024–2025 outbreak with P1-1 dominance at 81%. Macrolide resistance was 

significantly higher in P1-1 isolates (29.9%) than in P1-2 (7.7%) [48]. In Iran, resistance reached 85.1%, and 

50% of the resistant isolates were ST3 [49], indicating accelerated global dispersal. A global meta-analysis 

identified P1-1, M4572, and ST3 as the principal resistant genotypes worldwide [8].

Conclusion and future perspectives
Macrolide resistance in M. pneumoniae is principally driven by point mutations centered on 23S rRNA 

A2063G, and the overwhelming East Asian resistance burden, together with post-pandemic resurgence, has 

elevated the role of the clinical microbiology laboratory to an unprecedented level of importance. Reference 

laboratories at the regional level should establish integrated tNGS-based surveillance covering P1 typing, 

MLST, and resistance variants to enable the early detection of emerging clones and global dispersal [7]. In 

parallel, clinical laboratories in hospitals can provide real-time PCR-based detection of M. pneumoniae 

with simultaneous 23S rRNA mutation testing to guide empirical macrolide therapy at the point of care. 

Respiratory virus multiplex panels and M. pneumoniae molecular assays should be operated in an integrated 
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fashion, and exposure histories such as recent H3N2 infections should be linked to surveillance data to 

track sequential and co-infection dynamics [44]. The Japanese and Taiwanese experiences demonstrate 

that reductions in macrolide consumption strengthened molecular surveillance and can effectively reverse 

resistance rates. Therefore, sustained efforts by clinical microbiology laboratories to monitor and survey 

antimicrobial resistance can make a decisive contribution to antimicrobial stewardship and improve patient 

outcomes.
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