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Background: Mycoplasma genitalium is a sexually transmitted bacterium of increasing concern due to issues 
around antimicrobial resistance. Resistance is typically mediated by SNPs; however, the difficulty of isolation 
and culture of M. genitalium limits the ability to analyse the impact of individual mutations. 

Objectives: The aim of this study was to generate and characterize antibiotic-resistant M. genitalium mutants in 
vitro to understand the development of macrolide resistance in this bacterium. 

Methods: Sequential MIC assays for azithromycin were performed using the laboratory strain of M. genitalium 
(G37) grown in Hayflick medium. Bacteria were enumerated by droplet digital PCR (ddPCR) targeting mgpB, 
and a new ddPCR assay was established to detect specific mutations in the 23S rRNA gene. MICs of selected 
macrolide antibiotics were determined in Hayflick medium. Whole genome sequencing (WGS) was performed 
on the Oxford Nanopore MinION. 

Results: After eight passages in azithromycin, a novel 23S rRNA gene mutation, G2057A (Escherichia coli num
bering), was detected. The mutant did not display a detectable growth defect and had elevated MICs to azith
romycin (8-fold), josamycin (8-fold) and erythromycin (16- to 32-fold). WGS did not identify other mutations 
likely to contribute to reduced macrolide susceptibility. 

Conclusions: A novel 23S rRNA gene mutation was identified in M. genitalium. This variation is found in 
Mycoplasma hominis, which is intrinsically resistant to certain macrolides. While this mutation has not been ob
served clinically in M. genitalium, these findings have expanded our understanding of resistance mechanisms 
within the Mollicutes, in particular the propensity for M. genitalium to develop resistance, even in low concentra
tions of antibiotic, and the interaction of azithromycin with the ribosome.

© The Author(s) 2025. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Introduction
Mycoplasma genitalium is a sexually transmitted bacterium be
longing to the Mollicutes class. It causes non-gonococcal ureth
ritis in men and cervicitis and pelvic inflammatory disease in 
women.1–4 These bacteria lack a cell wall, making them resistant 
to multiple classes of antibiotics. While azithromycin as a single 
dose, recommended as the first-line treatment in some guide
lines, was highly effective, the bacterium’s high propensity to 

develop resistance has resulted in a decrease in efficacy from 
85% before 2009 to 67% in 2009–15.5 As a result, most guide
lines now recommend an extended dose of azithromycin, after 
pre-treatment with doxycycline.6–9

In M. genitalium, resistance to azithromycin is conferred by 
SNPs of the 23S rRNA gene at adenine 2058 (Escherichia coli num
bering; mutation to cytosine, guanine or thymine) or adenine 
2059 (mutation to guanine or cytosine) (Figure 1).11 Culture of 
clinical specimens is not routinely performed due to the difficulty 
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in isolating M. genitalium. As a result, there has been limited MIC 
testing and analysis of azithromycin resistance in vitro. Of the few 
isolates carrying a A2058/A2059 mutation that have been 
tested, the MICs of azithromycin are ≥8 mg/L, which is over 
1000-fold higher than the WT at 0.008 mg/L.11–13 In this study, 
M. genitalium was serially passaged in subinhibitory concentra
tions of azithromycin with the aim of generating mutants for fur
ther phenotypic characterization and to better understand how 
macrolide resistance develops in this bacterium. During this pro
cess, a novel 23S rRNA gene mutation was identified that con
ferred a 4–8-fold increase in MIC and is the subject of this study.

Materials and methods
Bacterial strains and culture methods
The laboratory-adapted M. genitalium strain G37 was used for all experi
ments (ATCC 33530). Bacteria were grown in Hayflick medium with the 
following composition: Bacto Heart Infusion Broth (2.5%), yeast extract 
(2.5%), phenol red (0.0003%), horse serum (20%), benzylpenicillin 
(0.003%), DNA sperm nuclei (0.0024%), and pH adjusted to 7.5 ± 0.2 
(Media Preparation Unit, Peter Doherty Institute, Melbourne, Australia).

Antibiotics and MIC assay
Antibiotics were purchased from Merck (NJ, USA), including azithromycin 
dihydrate (resuspended at 100 mg/mL in ethanol), josamycin (resus
pended at 25 mg/mL in ethanol), and erythromycin (resuspended at 

50 mg/mL in ethanol). Two-fold dilutions of azithromycin from 0.064 to 
0.001 mg/L were used for the MIC assays and mutation induction.

Cultures were standardized to 103 copies/µL in Hayflick medium for each 
individual MIC assay and for each iteration of mutation selection. MIC assays 
to select for mutants were performed initially in a 96-well Nunclon™ Delta 
Surface plate (Thermo Fisher Scientific, MA, USA), as described previously,14

before transitioning to 1.5 mL screw-cap microtubes (Sarstedt, Nümbrecht, 
Germany) as these were more convenient. After 10 days of incubation (es
timated to be in the mid-late log phase of growth), bacterial concentration 
increased ∼100-fold to approximately 105 copies/µL.

MIC assays for each macrolide were performed in 96-well Nunclon™ 

Delta Surface plates (Thermo Fisher Scientific). The concentration was 
measured using droplet digital PCR (ddPCR) targeting mgpB, as described 
below, and the MIC determined at a threshold of 90% growth inhibition. 
The well corresponding to the first antibiotic dilution below the MIC was 
used to inoculate the subsequent MIC assay. This was repeated until 
the development of resistance, indicated by an increase in MIC.

ddPCR analysis of cultures
ddPCR was used to enumerate cultures and to detect the presence of 23S 
rRNA polymorphisms. Primers and probes can be found in Table 1. 
Enumeration of cultures was performed as described previously.16 To de
tect known 23S rRNA gene mutations, a new assay was developed using 
probes specific to each mutation. These were evaluated for specificity and 
cross-reaction using 500 bp synthetic DNA standards containing each of 
the known mutations [gBlocks, IDT Australia; Figure S1 (available as 
Supplementary data at JAC Online)], and further validated on samples 
containing known genetic variants (data not shown). An additional probe 
was designed to identify the novel mutation G2057A. For assay develop
ment, 0.25 µM of the respective 23S rRNA mutation probe was used while 
for analysis of cultures, 0.125 µM was used. The assays to detect each 
mutation were performed in independent reactions.

Isolation of the G2057A mutant
To isolate mutants from a mixed population, a limiting dilution assay was 
performed as follows: the concentration of M. genitalium culture was de
termined using ddPCR then the culture was passed through a 25-gauge 
needle to dissociate clumps of bacteria.17 The culture was then diluted 
serially to reach a concentration of 0.5 copies/µL. Using a 96-well 
Nunclon™ Delta Surface plate (Thermo Fisher Scientific, Massachusetts, 
USA), 48 µL of Hayflick medium was added to each well, and 2 µL of 
the diluted culture. After growth was detected, ddPCR was used to con
firm the genotype of the culture.

Sequencing and data analysis
Dual-direction Sanger sequencing of the 23S rRNA genes was performed 
using the primers shown in Table 1 (Australian Genome Research Facility, 
Melbourne, Australia). Sequences were analysed using MEGA (version 
10.1.7)18,19 and visualized using 4Peaks version 1.8 (Nucleobytes B.V., 
Amsterdam, the Netherlands).

To obtain whole-genome sequences, cultures of the mutant and the 
WT parent strain were centrifuged at 20 000 rcf for 30 min and the pellet 
was resuspended in 1× DNA/RNA Shield (Zymo Research, CA, USA) before 
extraction using the Quick-DNA™ HMW MagBead kit (Zymo Research). The 
sequence library was prepared using a ligation sequencing kit 
(SQK-NBD114.96; Oxford Nanopore Technologies, Oxford, UK) and se
quenced using a FLO-MIN114 R10.4.1 flow cell on the MinION (Oxford 
Nanopore Technologies). Basecalling and adaptor trimming of reads 
was performed using Dorado version 0.7.2 (https://github.com/ 
nanoporetech/dorado) with the super accuracy protocol version 5.0.0. 
Reads with a quality score of at least nine were filtered using nanoq ver
sion 0.10.0 (https://github.com/esteinig/nanoq) and passed reads were 

Figure 1. Domain V of the 23S rRNA of M. genitalium. Macrolide resistance 
mutations commonly found in clinical isolates are circled in red. The mu
tation induced in this study by exposure to azithromycin in vitro is circled 
in blue, with the corresponding base pair located at position 2611. The 
numbering used in this figure is based on E. coli sequence numbering. 
This figure has been drawn based on the structure presented in Pereyre 
et al.10

Novel 23S rRNA gene mutation in M. genitalium                                                                                              

2045

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/80/7/2044/8156508 by U

niversity of M
elbourne user on 24 N

ovem
ber 2025

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaf174#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaf174#supplementary-data
https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/dorado
https://github.com/esteinig/nanoq


assembled de novo using Flye version 2.9.2 (https://github.com/ 
fenderglass/Flye). The assembled contigs were polished with Medaka ver
sion 1.9.1 (https://github.com/nanoporetech/medaka) and the mutant 
whole genome was compared to the WT parent strain with the progres
sive Mauve algorithm20 plug-in in Geneious Prime version 2025.0.2 
(Biomatters Ltd, Auckland, New Zealand).

Results
Induction of azithromycin resistance in vitro
To select for macrolide resistance mutations in vitro, serial MIC as
says were performed using azithromycin and the M. genitalium 
strain G37. Cultures were periodically screened by ddPCR to detect 
the presence of known mutations in the 23S rRNA gene. After the 
eighth passage there were no substantial increases in MIC values, 
which fluctuated around a median value of 0.008 mg/L. Analysis 
by ddPCR did not detect any known mutations at positions 2058 
and 2059 that confer azithromycin resistance. However, from 
the culture at the eighth passage, an intermediate signal was de
tected with ddPCR using probes targeting each of the known 23S 
rRNA gene resistance variants (Table 1), indicative of a novel mu
tation (Figure 2a). This mutation was not present in previous pas
sages (Figure 2b). Sequencing of the 23S rRNA gene in this culture 
identified a mixed population of bacteria with a WT 23S rRNA gene 
and a previously undescribed mutation (guanine-to-adenine 
transition at rRNA gene position 2057, G2057A; Figure 2c). 
Additional passages were performed to see whether the mutant 
would outgrow the WT population; however, after six passages, 
the proportion of mutant to WT did not change.

Isolation of a G2057A mutant and MIC testing
A limiting dilution method was used to isolate the mutant from 
the WT G37. The isolates were confirmed to have a mutant 23S 
rRNA gene by ddPCR and Sanger sequencing. Using one clone, 
the azithromycin MIC was determined to be 0.032 mg/L. This 
was 8-fold higher than WT (0.004 mg/L; Table 2). The mutant 
clone was grown in antibiotic-free Hayflick medium to determine 

the stability of the mutation. The mutation remained after >10 
passages, with no reappearance of WT (determined by ddPCR).

MIC assays for the mutant were performed for josamycin and 
erythromycin to see if the mutation conferred resistance to 
additional macrolides. The MICs for the mutants were 8-fold 
and 16–32-fold higher than for WT, respectively (Table 2).

Comparison of the growth rate between the 
azithromycin-resistant mutant and WT
The growth of the G2057A mutant was examined to see if the 
mutation had an impact on bacterial fitness. The WT and 
G2057A mutant were grown together in cultures containing 
no azithromycin, and with azithromycin (0.002, 0.008, and 
0.064 mg/L) and enumerated by ddPCR. The WT was only able 
to grow in the culture with no azithromycin, whereas the 
G2057A mutant grew in azithromycin up to a concentration of 
0.008 mg/L, albeit the exponential phase was longer in higher 
concentrations of azithromycin (Figure 3). Both the WT and 
G2057A mutant reached the same maximum growth density, re
gardless of antibiotic concentration for the mutant.

Sequence analysis of the 23S rRNA gene of the G2057A 
mutant
Sanger sequencing of the whole 23S rRNA gene was performed to 
identify if there were other mutations in the gene, such as a com
pensatory mutation in the cytosine residue (C2611) that pairs 
with the mutated G2057 (Figure 1). No mutations were identified.

To determine if the 23S rRNA gene change was the sole muta
tion contributing to phenotypic resistance we sequenced the 
whole genome of the mutant and compared it with that of the 
parent strain. There were some single nucleotide polymorphisms 
and indels (Table S1); however, these are unlikely to contribute to 
macrolide resistance.

Discussion
Antibiotic resistance is an ongoing concern, especially in M. genitalium, 
where resistance to azithromycin, a commonly used antibiotic, is 

Table 1. PCR primers and probes used in this study

Name Target Purpose Sequence (5′ → 3′)a Reference

MgPa-355F mgpB Bacterial enumeration GAGAAATACCTTGATGGTCAGCAA Jensen et al.15

MgPa-432R mgpB Bacterial enumeration GTTAATATCATATAAAGCTCTACCGTTGTTATC Jensen et al.15

MgPa-380 mgpB Bacterial enumeration FAM-ACTTTGCAATCAGAAGGT-MGB Jensen et al.15

Mg 23S-1986f 23S rRNA Sanger sequencing, genotyping by ddPCR GGTGTAACCATCTCTTGACTGTCTCGGb Jensen et al.11

Mg 23S-2682r 23S rRNA Sanger sequencing, genotyping by ddPCR CGGTCCTCTCGTACTAGAAGCAAAG Jensen et al.11

23S WT 23S rRNA Genotyping by ddPCR HEX-CAACGGGACGGAAAGACCCC-BHQ1 This study
23S A2058G 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGGGAAGACCCC-BHQ1 This study
23S A2058C 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGGCAAGACCCC-BHQ1 This study
23S A2058T 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGGTAAGACCCC-BHQ1 This study
23S A2059G 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGGAGAGACCCC-BHQ1 This study
23S A2059C 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGGACAGACCCC-BHQ1 This study
23S G2057A 23S rRNA Genotyping by ddPCR FAM-CAACGGGACGAAAAGACCCC-BHQ1 This study

aBold bases indicate potential location of 23S rRNA mutations. Underlined bases indicate probe mismatch with WT (G37) sequence.
bModified primer with an additional G at the 5′ end.
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as high as 80% in some communities such as MSM attending 
sexual health clinics.21 While mutations affecting A2058 and 
A2059 of the 23S rRNA gene have been documented, the impact 
of individual mutations on azithromycin resistance is not fully 

understood. In this study, serial passaging of the laboratory 
strain of M. genitalium in subinhibitory concentrations of azith
romycin selected for a novel 23S rRNA mutation, G2057A. This 
mutation conferred an 8-fold increase in azithromycin MIC 
and 8–32-fold increase in MICs of other macrolides. The 
G2057A mutant was able to grow in cultures with up to 
0.008 mg/L azithromycin, albeit at a slower rate than in no 
azithromycin.

This study enhances our understanding of macrolide resist
ance mechanisms in the Mollicutes. While the G2057A 23S 
rRNA gene mutation has not previously been described in 
M. genitalium, this sequence naturally occurs in Mycoplasma 
hominis, Mycoplasma fermentans and Mycoplasma pulmonis, three 
species with higher intrinsic azithromycin resistance (≥2 mg/L).22

In contrast, M. genitalium and Mycoplasma pneumoniae both 

Figure 2. Detection of a novel mutation by ddPCR and Sanger sequencing. (a) Analysis of the mixed population found in passage eight. Controls are 
grouped on the right-hand side. Analysis with the A2058G probe (blue, top row) and WT probe (green, bottom row) is depicted. Probes targeting the 
other common mutations (Table 1) were also used with similar results (not shown). (b) Analysis of five passages prior to passage eight to determine 
when the mutation appeared. PCR was performed with the G2057A probe (blue, top row) and WT probe (green, bottom row). Respective DNA popula
tions are indicated. (c) Sanger sequencing chromatogram of the 23S rRNA sequence of the mixed mutant and WT M. genitalium population. The red 
arrow corresponds to a dual peak of A/G at position 2057.

Table 2. Various macrolide MICs of M. genitalium G37 with a WT 23S rRNA 
and the mutant with a G2057A in the 23S rRNA

MIC (mg/L)

AZM JOS ERY

WT 23S rRNA 0.004 0.02 0.04
G2057A 23S rRNA 0.032 0.16 0.64–1.28

AZM, azithromycin; JOS, josamycin; ERY, erythromycin.
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naturally have a guanine at position 2057 and are susceptible to 
14- and 15-membered macrolides, such as erythromycin and 
azithromycin.22,23 Most notably, M. hominis is intrinsically resistant 
to 14- and 15-membered macrolides, but susceptible to 
16-membered macrolides, such as josamycin, and lincosamides. 
Consistent with the findings in M. hominis, the M. genitalium 
G2057A mutant had increased MICs of 14-membered ring (eryth
romycin) and 15-membered ring (azithromycin) macrolides.

In contrast to A2058/A2059 mutations, which confer a large 
increase in MIC (approximately 1000-fold higher than WT), the 
G2057A mutation conferred a lower level of resistance to azith
romycin (8-fold higher). The limited increase in MIC attributed 
to the G2057A mutation is similar to what is observed with 
fluoroquinolone-resistance mutations affecting ParC; for ex
ample, the ParC S83I change leads to a modest 32-fold (geo
metric mean) increase in MIC to ≥1 mg/L.12,24 This may 
explain why A2058/A2059 mutations were not selected in this 
study, as the concentration of azithromycin was too low; it is 
also possible that A2058/A2059 mutations have a higher fitness 
cost or are less likely to develop compared with G2057 muta
tions in vitro.

Conversely, it is likely that G2057A mutations are not observed 
clinically as the current dosage levels used for clinical treatment 
are sufficient for clearance of M. genitalium harbouring this mu
tation. This was corroborated by growth in 0.002 and 
0.008 mg/L azithromycin, but not 0.064 mg/L; at 0.008 mg/L of 
azithromycin, the G2057A mutant was slower-growing, taking 
longer to reach the maximum growth density, indicating some 

inhibition. Therefore, it is probable that G2057A mutations 
are less likely to be maintained in circulating populations of 
M. genitalium as they will be eliminated by treatment, while 
A2058/A2059 mutations will be enriched, leading to wider dis
semination of these mutations. It is also likely that the lack of 
G2057A mutations identified among clinical samples is because 
this mutation is unlikely to develop or happen randomly in vivo.

Macrolides inhibit protein synthesis by interfering with the 
polypeptide exit tunnel of the large subunit of the bacterial 
ribosome, preventing the passage of nascent polypeptides.25,26

The key binding sites for macrolides are A2058 and A2059 in 
domain V of the peptidyl transferase loop.26–28 The base- 
pairing between G2057 and C2611 is important for binding of 
some macrolides by keeping a closed conformation in the pep
tidyl transferase loop.29 In this study, disrupted base pairing 
with G2057A/C2611 had varied impact on macrolide binding; 
for erythromycin, there was a 16–32-fold increase in MIC, 
whereas for azithromycin and josamycin there was an 8-fold in
crease. This observation is similar to a study that selected for 
macrolide-resistant M. pneumoniae in vitro, where a mutant 
was isolated with a C2611A transition, leading to modest in
creases in MIC of erythromycin (33-fold), but small changes 
for azithromycin (4-fold) and josamycin (<2-fold).30 In other 
bacteria, resistance to macrolides can also be conferred by mu
tations in the L4 and L22 ribosomal proteins, which change the 
conformation of the ribosome.31,32 Mutations in these two pro
teins were selected for in vitro in M. pneumoniae, but the contri
bution to clinical resistance is unclear.30,33–36 The role of L4 and 

Figure 3. Growth of the WT G37 and G2057A mutant in Hayflick medium with no azithromycin (a), 0.002 mg/L azithromycin (b), 0.008 mg/L azithro
mycin (c) and 0.064 mg/L azithromycin (d). Cultures were grown in triplicate and enumerated using the 23S rRNA ddPCR assay. Error bars represent 
1SD. The dotted line indicates the target starting concentration for cultures.

Chua et al.

2048

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/80/7/2044/8156508 by U

niversity of M
elbourne user on 24 N

ovem
ber 2025



L22 in macrolide resistance has received limited investigation in 
M. genitalium with no associations identified,11,37 and varia
tions were not observed in the G2057A mutant.

This study has limitations. First, the laboratory strain of G37 
was not single-colony cloned before performing mutant induc
tion, therefore, the starting bacterial population potentially 
contained some degree of genetic variation (as evident in the 
whole genome sequence). While this may complicate the 
attribution of phenotype to a single mutation, it more accur
ately replicates the diversity of an inoculum in a normal infec
tion. Second, this study only used azithromycin to select for 
resistance-conferring mutations, which is commonly used for 
treatment of M. genitalium and other sexually transmitted in
fections. It is known that not all macrolides will select for the 
same resistance mutations;30 whether other macrolide anti
biotics may inadvertently select for resistance in M. genitalium 
is unknown, and future studies could use other macrolide anti
biotics to induce resistance. Finally, WGS identified other varia
tions within the genome compared with the parent strain used 
to start the experiment; however, these are unlikely to contrib
ute to macrolide resistance. It is likely that an accumulation of 
random variations occurred in this strain prior to the develop
ment of a beneficial azithromycin resistance mutation.

In summary, this study identified a novel G2057A mutation in 
M. genitalium conferring modest azithromycin resistance. While 
the in vitro-derived G2057A mutation has not been identified in 
clinical specimens, it has provided a new perspective into resist
ance mechanisms more broadly in the Mollicutes.

Acknowledgements
This research was supported by The University of Melbourne’s Research 
Computing Services and the Petascale Campus Initiative.

Funding
This work was supported by the Australian Research Council Industrial 
Transformation Research Hub for Antimicrobial Resistance (IH190100021; 
C.S.B., G.L.M.), National Health and Medical Research Council Investigator 
Grant (APP1197951; S.M.G.), and the Australian Government Research 
Training Program Scholarship (T.-P.C.).

Transparency declarations
Unrelated to this study, C.S.B. and G.L.M. report receiving funding support 
and diagnostic kits from SpeeDx Pty Ltd for research on M. genitalium. 
G.L.M. also reports receiving TIB MolBiol diagnostic kits for his laboratory 
unrelated to this study. Otherwise, the authors have no conflicts to 
declare.

Supplementary data
Figure S1 and Table S1 are available as Supplementary data at JAC Online.

References
1 Taylor-Robinson D, Jensen JS. Mycoplasma genitalium: from chrysalis 
to multicolored butterfly. Clin Microbiol Rev 2011; 24: 498–514. https:// 
doi.org/10.1128/CMR.00006-11

2 Horner PJ, Martin DH. Mycoplasma genitalium infection in men. J Infect 
Dis 2017; 216 Suppl 2: S396–405. https://doi.org/10.1093/infdis/jix145
3 Latimer RL, Vodstrcil LA, Plummer EL et al. The clinical indications for 
testing women for Mycoplasma genitalium. Sex Transm Infect 2021; 98: 
277–85. https://doi.org/10.1136/sextrans-2020-054818
4 Htaik K, Vodstrcil LA, Plummer EL et al. Systematic review and 
meta-analysis of the association between Mycoplasma genitalium and 
pelvic inflammatory disease (PID). Clin Infect Dis 2024; https://doi.org/ 
10.1093/cid/ciae295
5 Lau A, Bradshaw CS, Lewis D et al. The efficacy of azithromycin for the 
treatment of genital Mycoplasma genitalium: a systematic review and 
meta-analysis. Clin Infect Dis 2015; 61: 1389–99. https://doi.org/10. 
1093/cid/civ644
6 Australia Sexual Health Alliance. Australian STI management guide
lines for use in primary care. http://www.sti.guidelines.org.au.
7 Jensen JS, Cusini M, Gomberg M et al. 2021 European guideline on the 
management of Mycoplasma genitalium infections. J Eur Acad Dermatol 
Venereol 2022; 36: 641–50. https://doi.org/10.1111/jdv.17972
8 Workowski KA, Bachmann LH, Chan PA et al. Sexually transmitted in
fections treatment guidelines, 2021. MMWR Recomm Rep 2021; 70: 
1–187. https://doi.org/10.15585/mmwr.rr7004a1
9 Lee SJ, Choi JB, Bae S et al. 2023 Korean sexually transmitted infections 
treatment guidelines for Mycoplasma genitalium by KAUTII. Investig Clin 
Urol 2024; 65: 16–22. https://doi.org/10.4111/icu.20230314
10 Pereyre S, Goret J, Bébéar C. Mycoplasma pneumoniae: current knowl
edge on macrolide resistance and treatment. Front Microbiol 2016; 7: 974. 
https://doi.org/10.3389/fmicb.2016.00974
11 Jensen JS, Bradshaw CS, Tabrizi SN et al. Azithromycin treatment fail
ure in Mycoplasma genitalium-positive patients with nongonococcal ur
ethritis is associated with induced macrolide resistance. Clin Infect Dis 
2008; 47: 1546–53. https://doi.org/10.1086/593188
12 Hamasuna R, Le PT, Kutsuna S et al. Mutations in ParC and GyrA of 
moxifloxacin-resistant and susceptible Mycoplasma genitalium strains. 
PLoS One 2018; 13: e0198355. https://doi.org/10.1371/journal.pone. 
0198355
13 Fookes MC, Hadfield J, Harris S et al. Mycoplasma genitalium: whole 
genome sequence analysis, recombination and population structure. 
BMC Genomics 2017; 18: 993. https://doi.org/10.1186/s12864-017- 
4399-6
14 Clinical and Laboratory Standards Institute (CLSI). Methods for 
Antimicrobial Susceptibility Testing for Human Mycoplasmas—M43. 2011.
15 Jensen JS, Björnelius E, Dohn B et al. Use of TaqMan 5′ nuclease real- 
time PCR for quantitative detection of Mycoplasma genitalium DNA in 
males with and without urethritis who were attendees at a sexually 
transmitted disease clinic. J Clin Microbiol 2004; 42: 683–92. https://doi. 
org/10.1128/JCM.42.2.683-692.2004
16 Peh CR, Danielewski J, Chua TP et al. Quantitation of Mycoplasma gen
italium using droplet digital PCR. Lett Appl Microbiol 2023; 76: ovad064. 
https://doi.org/10.1093/lambio/ovad064
17 Mernaugh GR, Dallo SF, Holt SC et al. Properties of adhering and non
adhering populations of Mycoplasma genitalium. Clin Infect Dis 1993; 17 
Suppl 1: S69–78. https://doi.org/10.1093/clinids/17.Supplement_1.S69
18 Kumar S, Stecher G, Li M et al. MEGA X: molecular evolutionary genet
ics analysis across computing platforms. Mol Biol Evol 2018; 35: 1547–9. 
https://doi.org/10.1093/molbev/msy096
19 Stecher G, Tamura K, Kumar S. Molecular evolutionary genetics ana
lysis (MEGA) for macOS. Mol Biol Evol 2020; 37: 1237–9. https://doi.org/ 
10.1093/molbev/msz312
20 Darling AE, Mau B, Perna NT. progressiveMauve: multiple genome 
alignment with gene gain, loss and rearrangement. PLoS One 2010; 5: 
e11147. https://doi.org/10.1371/journal.pone.0011147

Novel 23S rRNA gene mutation in M. genitalium                                                                                              

2049

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/80/7/2044/8156508 by U

niversity of M
elbourne user on 24 N

ovem
ber 2025

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaf174#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaf174#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkaf174#supplementary-data
https://doi.org/10.1128/CMR.00006-11
https://doi.org/10.1128/CMR.00006-11
https://doi.org/10.1093/infdis/jix145
https://doi.org/10.1136/sextrans-2020-054818
https://doi.org/10.1093/cid/ciae295
https://doi.org/10.1093/cid/ciae295
https://doi.org/10.1093/cid/civ644
https://doi.org/10.1093/cid/civ644
http://www.sti.guidelines.org.au
https://doi.org/10.1111/jdv.17972
https://doi.org/10.15585/mmwr.rr7004a1
https://doi.org/10.4111/icu.20230314
https://doi.org/10.3389/fmicb.2016.00974
https://doi.org/10.1086/593188
https://doi.org/10.1371/journal.pone.0198355
https://doi.org/10.1371/journal.pone.0198355
https://doi.org/10.1186/s12864-017-4399-6
https://doi.org/10.1186/s12864-017-4399-6
https://doi.org/10.1128/JCM.42.2.683-692.2004
https://doi.org/10.1128/JCM.42.2.683-692.2004
https://doi.org/10.1093/lambio/ovad064
https://doi.org/10.1093/clinids/17.Supplement_1.S69
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1371/journal.pone.0011147


21 Read TRH, Murray GL, Danielewski JA et al. Symptoms, sites, and sig
nificance of Mycoplasma genitalium in men who have sex with men. 
Emerg Infect Dis 2019; 25: 719–27. https://doi.org/10.3201/eid2504. 
181258

22 Pereyre S, Gonzalez P, De Barbeyrac B et al. Mutations in 23S rRNA ac
count for intrinsic resistance to macrolides in Mycoplasma hominis and 
Mycoplasma fermentans and for acquired resistance to macrolides in M. 
hominis. Antimicrob Agents Chemother 2002; 46: 3142–50. https://doi. 
org/10.1128/AAC.46.10.3142-3150.2002

23 Furneri PM, Rappazzo G, Musumarra MP et al. Genetic basis of natural 
resistance to erythromycin in Mycoplasma hominis. J Antimicrob 
Chemother 2000; 45: 547–8. https://doi.org/10.1093/jac/45.4.547

24 Hamasuna R, Hanzawa H, Moritomo A et al. Analysis of 
fluoroquinolone-resistance using MIC determination and homology mod
elling of ParC of contemporary Mycoplasma genitalium strains. J Infect 
Chemother 2022; 28: 377–83. https://doi.org/10.1016/j.jiac.2021.11.011

25 Hansen JL, Ippolito JA, Ban N et al. The structures of four macrolide 
antibiotics bound to the large ribosomal subunit. Mol Cell 2002; 10: 
117–28. https://doi.org/10.1016/S1097-2765(02)00570-1

26 Schlünzen F, Zarivach R, Harms J et al. Structural basis for the inter
action of antibiotics with the peptidyl transferase centre in eubacteria. 
Nature 2001; 413: 814–21. https://doi.org/10.1038/35101544

27 Auerbach T, Bashan A, Yonath A. Ribosomal antibiotics: structural ba
sis for resistance, synergism and selectivity. Trends Biotechnol 2004; 22: 
570–6. https://doi.org/10.1016/j.tibtech.2004.09.006

28 Pfister P, Jenni S, Poehlsgaard J et al. The structural basis of 
macrolide-ribosome binding assessed using mutagenesis of 23S rRNA po
sitions 2058 and 2059. J Mol Biol 2004; 342: 1569–81. https://doi.org/10. 
1016/j.jmb.2004.07.095

29 Douthwaite S, Aagaard C. Erythromycin binding is reduced in ribo
somes with conformational alterations in the 23S rRNA peptidyl 

transferase loop. J Mol Biol 1993; 232: 725–31. https://doi.org/10.1006/ 
jmbi.1993.1426
30 Pereyre S, Guyot C, Renaudin H et al. In vitro selection and character
ization of resistance to macrolides and related antibiotics in Mycoplasma 
pneumoniae. Antimicrob Agents Chemother 2004; 48: 460–5. https://doi. 
org/10.1128/AAC.48.2.460-465.2004
31 Gregory ST, Dahlberg AE. Erythromycin resistance mutations in ribo
somal proteins L22 and L4 perturb the higher order structure of 23S ribo
somal RNA. J Mol Biol 1999; 289: 827–34. https://doi.org/10.1006/jmbi. 
1999.2839
32 Zaman S, Fitzpatrick M, Lindahl L et al. Novel mutations in ribosomal 
proteins L4 and L22 that confer erythromycin resistance in Escherichia 
coli. Mol Microbiol 2007; 66: 1039–50. https://doi.org/10.1111/j.1365- 
2958.2007.05975.x
33 Matsuoka M, Narita M, Okazaki N et al. Characterization and molecular 
analysis of macrolide-resistant Mycoplasma pneumoniae clinical isolates 
obtained in Japan. Antimicrob Agents Chemother 2004; 48: 4624–30. 
https://doi.org/10.1128/AAC.48.12.4624-4630.2004
34 Cao B, Zhao CJ, Yin YD et al. High prevalence of macrolide resistance in 
Mycoplasma pneumoniae isolates from adult and adolescent patients 
with respiratory tract infection in China. Clin Infect Dis 2010; 51: 
189–94. https://doi.org/10.1086/653535
35 Liu X, Jiang Y, Chen X et al. Drug resistance mechanisms of 
Mycoplasma pneumoniae to macrolide antibiotics. Biomed Res Int 2014; 
2014: 320801. https://doi.org/10.1155/2014/320801
36 Jiang FC, Wang RF, Chen P et al. Genotype and mutation patterns of 
macrolide resistance genes of Mycoplasma pneumoniae from children 
with pneumonia in Qingdao, China, in 2019. J Glob Antimicrob Resist 
2021; 27: 273–8. https://doi.org/10.1016/j.jgar.2021.10.003
37 Read TRH, Jensen JS, Fairley CK et al. Use of pristinamycin for 
macrolide-resistant Mycoplasma genitalium infection. Emerg Infect Dis 
2018; 24: 328–35. https://doi.org/10.3201/eid2402.170902

Chua et al.

2050

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/80/7/2044/8156508 by U

niversity of M
elbourne user on 24 N

ovem
ber 2025

https://doi.org/10.3201/eid2504.181258
https://doi.org/10.3201/eid2504.181258
https://doi.org/10.1128/AAC.46.10.3142-3150.2002
https://doi.org/10.1128/AAC.46.10.3142-3150.2002
https://doi.org/10.1093/jac/45.4.547
https://doi.org/10.1016/j.jiac.2021.11.011
https://doi.org/10.1016/S1097-2765(02)00570-1
https://doi.org/10.1038/35101544
https://doi.org/10.1016/j.tibtech.2004.09.006
https://doi.org/10.1016/j.jmb.2004.07.095
https://doi.org/10.1016/j.jmb.2004.07.095
https://doi.org/10.1006/jmbi.1993.1426
https://doi.org/10.1006/jmbi.1993.1426
https://doi.org/10.1128/AAC.48.2.460-465.2004
https://doi.org/10.1128/AAC.48.2.460-465.2004
https://doi.org/10.1006/jmbi.1999.2839
https://doi.org/10.1006/jmbi.1999.2839
https://doi.org/10.1111/j.1365-2958.2007.05975.x
https://doi.org/10.1111/j.1365-2958.2007.05975.x
https://doi.org/10.1128/AAC.48.12.4624-4630.2004
https://doi.org/10.1086/653535
https://doi.org/10.1155/2014/320801
https://doi.org/10.1016/j.jgar.2021.10.003
https://doi.org/10.3201/eid2402.170902

	Introduction
	Materials and methods
	Bacterial strains and culture methods
	Antibiotics and MIC assay
	ddPCR analysis of cultures
	Isolation of the G2057A mutant
	Sequencing and data analysis

	Results
	Induction of azithromycin resistance in vitro
	Isolation of a G2057A mutant and MIC testing
	Comparison of the growth rate between the azithromycin-resistant mutant and WT
	Sequence analysis of the 23S rRNA gene of the G2057A mutant

	Discussion
	Acknowledgements
	Funding
	Transparency declarations
	Supplementary data
	References



