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Abstract 

Mycoplasma genitalium is challenging to work with and new methods are needed to study this bacterium directly in clinical samples. This study 
designed and validated a proof-of-concept polymerase chain reaction (PCR)-based ‘tiling’ methodology to sequence M. genitalium genomes. 
Primers were designed to produce 2.5 kb amplicons covering the 580 kb genome with a minimum overlap of 100 bp. Analysis was performed 
using the laboratory strain G37 and a clinical isolate. Amplicons were sequenced on the Oxford Nanopore MinION using ligation sequencing. 
Reads were mapped to a reference to produce a consensus genome. A total of 262 primer pairs were designed and amplification was successful 
for 99.5% (261/262) of 2.5 kb amplicons, with G37 genome coverage of 99.5% (mean read depth, 1973X). Using larger 5kb amplicons, ampli- 
fication was successful for 92.4% (121/131) of primer pairs, with a coverage of 92.2% (mean read depth, 223X). When validated on a clinical 
isolate, 98.3% coverage was achieved (read depth, 443X). In conclusion, this study developed a PCR-based tiling approach to whole genome 
sequencing of M. genitalium by designing and validating a set of 262 primer pairs. 

Impact Statement 

The challenge of isolating and propagating Mycoplasma genitalium from clinical samples for laboratory analysis (such as antibiotic susceptibility 
testing and whole genome sequencing) has hindered research into antimicrobial resistance and pathogenesis. This study capitalizes on the small 
genome of M. genitalium to develop a method for genome sequencing from clinical samples. PCR primers validated here can be used for other 
applications, e.g. molecular typing or antimicrobial resistance determination. 
Keywords: Mycoplasma genitalium ; amplicon sequencing; genomics 
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Introduction 

Mycoplasma genitalium is a sexually transmitted pathogen of 
global health importance due to a limited number of available 
treatment options combined with increasing levels of antimi- 
crobial resistance. Azithromycin and moxifloxacin are the two 

main antibiotic treatments; however, in 2018–21 global resis- 
tance levels were 33% and 13%, respectively, an increase from 

2012 levels of 13% and 7%, respectively (Chua et al. 2025 ).
Azithromycin resistance is conferred by single nucleotide poly- 
morphisms (SNPs) at positions 2058 and 2059 of the 23S 
rRNA gene ( E. coli numbering) (Jensen et al. 2008 ), and fluo- 
roquinolone resistance is associated with amino acid changes 
in the topoisomerase enzyme (subunit ParC) and DNA gyrase 
(subunit GyrA) (Deguchi et al. 2001 , Couldwell et al. 2013 ,
Kikuchi et al. 2014 , Murray et al. 2017 , Chambers et al. 2019 ,
Conway et al. 2020 , Murray et al. 2020 , Murray et al. 2023 ).
Molecular typing suggests that resistance is likely arising 
from independent sporadic mutations, which are generated 

during treatment, rather than the spread of resistant strains 
Received 5 May 2025; revised 19 September 2025; accepted 23 September 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of Applie
under the terms of the Creative Commons Attribution License (https://creativecom
and reproduction in any medium, provided the original work is properly cited.
Twin et al. 2012 , Anagrius et al. 2013 , Kikuchi et al. 2014 ,
ond et al. 2014 , Bissessor et al. 2015 , Fookes et al. 2017 ,
ead et al. 2017 , Fernández-Huerta et al. 2020 ). 
There is a need for surveillance to monitor the levels of

ntimicrobial-resistant M. genitalium to inform public health 

nd treatment guidelines (CDC 2019 ). While some commer- 
ial diagnostic assays can detect resistance-conferring muta- 
ions, they typically do not report individual mutations so 

re unable to provide suitable data for surveillance of resis-
ance mutations. Molecular typing of the mgpB and MG309 

enes has also been performed by select laboratories around 

he world for retrospective molecular epidemiological anal- 
ses but sequencing of a single gene can be too discrimina-
ory and group similar strains into separate groups (Piñeiro et
l. 2019 , Fernández-Huerta et al. 2020 , Guiraud et al. 2020 ,
weeney et al. 2020 , Chua et al. 2021 , Seo et al. 2021 , Dumke
022 ). To address these issues, and the limitations associated
ith these approaches, whole genome sequencing can be uti- 

ized. 
d Microbiology International. This is an Open Access article distributed
mons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

https://doi.org/10.1093/lambio/ovaf119
https://orcid.org/0000-0003-3330-4433
mailto:gerald.murray@unimelb.edu.au
https://creativecommons.org/licenses/by/4.0/
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Isolation of M. genitalium remains difficult and its rou-
ine application is impractical in clinical settings, rendering
raditional genomic sequencing a challenge. Direct shotgun
equencing of M. genitalium from a clinical sample is a poten-
ial solution; however, low bacterial load and an abundance of
ost DNA present barriers. To overcome such limitations, this
roof-of-concept study investigates the feasibility of a tiling
mplicon sequencing method for whole genome sequencing
f the relatively small 580 kb M. genitalium genome, using an
pproach described previously for viruses (Quick et al. 2017 ).

aterials and methods 

rimer design and preparation 

rimers were designed to generate ‘tiling’ amplicons spanning
he entire M. genitalium genome. The web-based primer de-
ign tool, Primal Scheme ( https://primalscheme.com ) (Quick
t al. 2017 ) was used to produce amplicons of an average
ength of 2.5 kb with a 100 bp overlap and annealing temper-
ture of 60◦C. All five M. genitalium genomes from GenBank
accession numbers NC_000 908, NC_018 495, NC_018 496,
C_018 497, and NC_018 498) were used as a template

o design the primers. Primer pairs were manually checked
n Geneious Prime (version 2021.2; Biomatters Ltd, Auck-
and, New Zealand) and redesigned where required. The final
rimer panel contained 262 primer pairs ( Supplementary File
1 ). Each primer was ordered at 100 μM, totalling six 96-well
lates. Primers constituting a pair were mixed in a separate
6-well plate to achieve a final concentration of 10 μM each.

ycoplasma genitalium DNA for primer validation 

or primer validation, a M. genitalium strain G37 co-cultured
ith Vero cells, described previously (Jensen et al. 1996 ,
004 ), was used. For specificity testing, a previously-isolated
. genitalium clinical isolate (MGA20) propagated in Vero

ells was used (Huaman et al. 2025 ). Cultures were cen-
rifuged at 20 000 g for 30 min and DNA was extracted on
he MagNA Pure 96 instrument using the MagNA Pure 96
NA and Viral NA Small Volume Kit (Roche, Basel, Switzer-

and). 
To validate the primer pairs, the G37 DNA extract was ini-

ially quantified using the Nanodrop (Thermo Fisher Scien-
ific, Massachusetts, USA) and diluted to 2 ng/μl. To determine
he minimum concentration of M. genitalium DNA required
or successful amplification, a ten-fold limiting dilution of the
37 DNA extract was performed and quantified using dig-

tal droplet PCR targeting the mgpB gene (Peh et al. 2023 ).
hree randomly selected primer pairs were used to amplify

he dilution series. PCR reactions with ≥5000 genome equiv-
lents of M. genitalium DNA were amplified successfully. The
GA20 DNA extract was diluted to the minimum number of

enome equivalents for subsequent validation of primer pair
pecificity. 

mplification of the complete M. genitalium 

enome by PCR 

olymerase chain reactions (PCRs) were set up in 96-well
lates with a 2.5 kb primer pair in each well. Each PCR reac-
ion consisted of 1X Q5® Hot Start High-Fidelity 2X Master

ix (New England Biolabs, Massachusetts, USA; amplicon
ength up to 20 kb), nuclease-free water, 10 ng DNA, and a
rimer mix containing 0.5 μM of each respective forward and
everse primer. Cycling conditions were as follows: initial de-
aturation at 98◦C for 40 s, 30 cycles of 98◦C for 10 s, 60◦C
or 15 s, and 72◦C for 2 min, and final extension at 72◦C for
 min. Successful amplification was determined visually on an
garose gel. Primers which did not successfully amplify were
epeated once. To produce 5 kb amplicons, the odd numbered
orward primers were matched with the even numbered re-
erse primers (e.g. forward primer mg_1a and reverse primer
g_2b; Supplementary File S1 ). Cycling conditions were as

bove, except the extension time was increased to 2 min and
0 s. To produce 10 kb amplicons 12 primer pairs, covering
he first 107 576 bp of the genome, were used and the exten-
ion time was increased to 7 min ( Supplementary File S1 ). 

equencing of amplicons on the Oxford Nanopore 

inION 

mplicons were purified using the Mag-Bind® Total Pure
GS Kit (Omega Bio-tek, Georgia, USA) then quantified us-

ng the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
assachusetts, USA). Amplicons of 2.5 kb were normalized

o 10 ng/μl using elution buffer prior to pooling. For sam-
les with less than 10 ng/μl, the whole volume was used (the
edian amplicon concentration was 20.2 ng/μl and ranged

rom 0.53–49 ng/μl). For the 5 kb amplicons, equal volumes
f each amplicon were pooled based on the band intensity
isualized using gel electrophoresis. The whole volume of am-
licon was added if the corresponding band intensity showed
 faint band. 

The pooled amplicons were prepared for sequencing using
he SQK-LSK114 Ligation Sequencing Kit (Oxford Nanopore
echnologies, Oxford, UK) and sequenced on the MinION us-

ng a FLOW-MIN114 R10.4.1 Flow Cell (Oxford Nanopore
echnologies, Oxford, UK) until a minimum of 100 reads per
mplicon was generated to achieve a mean read depth of at
east 100X. 

hole genome sequencing of the laboratory G37 

nd MGA20 isolate 

o evaluate the amplicons generated for the clinical M. gen-
talium isolate propagated in Vero cells, whole genome se-
uencing of a laboratory G37 strain and the MGA20 iso-
ate was performed to act as reference sequences. The lab-
ratory G37 was cultured in Hayflicks medium until sta-
ionary phase, as described previously (Peh et al. 2023 ) and
he MGA20 isolate was co-cultured with Vero cells as de-
cribed previously (Jensen et al. 1996 , 2004 ) until stationary
hase. To extract DNA for sequencing, cultures were cen-
rifuged at 20 000 g for 30 min. Pellets were resuspended
n 1X DNA/RNA Shield (Zymo Research, California, USA)
nd DNA extracted using the Microbial Lysis Protocol of the
uick-DNA™ HMW MagBead Kit (Zymo Research, Califor-
ia, USA). DNA was prepared for sequencing using a ligation
equencing kit (SQK-NBD114.96; Oxford Nanopore Tech-
ologies, Oxford, UK) and sequenced on the MinION using
 R10.4.1 flow cell (FLO-MIX114; Oxford Nanopore Tech-
ologies, Oxford, UK). 
Basecalling was performed with the Super Accurate (SUP)
odel version 5.0.0 and adaptor trimming using Dorado ver-

ion 0.7.2 ( https://github.com/nanoporetech/dorado ). Reads
ere filtered based on quality (quality score of 9 or above) us-

ng nanoq version 0.10.0 ( https://github.com/esteinig/nanoq ).
iltered reads were assembled de novo into contigs using Flye

https://primalscheme.com
https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data
https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data
https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data
https://github.com/nanoporetech/dorado
https://github.com/esteinig/nanoq
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Figure 1. Rearrangement of the rRNA operon in the MGA20 Mycoplasma genitalium clinical isolate (bottom) compared to the M. genitalium G37 
reference genome (top). Numbers indicate position on genome. Coloured blocks indicate regions of the genome; the green block is the portion of the 
genome that has moved from between the yellow and blue block in the G37 reference to between the red and yellow block in the MGA20 genome. This 
green region corresponds to a portion of the mgpC gene and the rRNA operon (16S rRNA, 23S rRNA, and rrf rRNA genes). Visualized using Mauve 
genome alignment version 1.1.3 (Darling et al. 2010 ) through Geneious version 2025.02 (Biomatters Ltd, Auckland, New Zealand). 

 

a  

e
e
a  

(
%

R

E
G

A  

i  

P  

b  

t  

p
o  

a  

v
G  

f  

p  

i
a  

c  

s  

g
 

q
d  

a
t  

q
3  

1
p  

t  

fi  

p  

a
s  

D
ow

nloaded from
 https://academ

ic.oup.com
/lam

bio/article/78/10/ovaf119/8268883 by U
niversity of M

elbourne user on 24 N
ovem

ber 2025
version 2.9.2 ( https://github.com/fenderglass/Flye ) and con- 
tigs were polished using Medaka version 1.9.1 ( https://github. 
com/nanoporetech/medaka ). 

The laboratory G37 and MGA20 genomes were success- 
fully sequenced with 100% coverage and a read depth of 
206X for the former and a coverage of 98.8% and read depth 

of 27.9X for the latter. Genome sequences can be found in 

Supplementary File S2 and the MGA20 genome sequence is 
available at GenBank (accession: CP199926). Both genomes 
were compared to the GenBank G37 genome sequence (ac- 
cession number NC_000 908) with the progressive Mauve 
algorithm (Darling et al. 2010 ) using Geneious Prime ver- 
sion 2025.0.2 (Biomatters Ltd, Auckland, New Zealand) to 

identify any variations. Alignment of the laboratory G37 

genome identified several SNPs, particularly within adhesin 

genes. Alignment of the MGA20 genome identified a rear- 
rangement of the rRNA operon (Fig. 1 ) in which a portion 

of the genome (6173 bp in length corresponding to a majority 
of the mgpC cytoadherence gene, and 16S, 23S, and rrf rRNA 

genes) was transferred to a position downstream of the G37 

genome. 

Data analysis and visualization of whole genomes 

generated by tiling amplicon sequencing 

Dorado version 0.7.2 ( https://github.com/nanoporetech/ 
dorado ) was used for basecalling raw reads with the high 

accuracy protocol (version 5.0.0) and for trimming adaptors.
Reads were filtered based on size (1200 to 4000 bp for 2.5 kb 

amplicons and 3500 to 6100 bp for 5 kb amplicons) and 

quality (quality score of 9 or above) using nanoq version 

0.10.0 ( https://github.com/esteinig/nanoq ). Mapping of fil- 
tered reads was performed using Minimap2 version 2.26 (Li 
2018 , 2021 ). SAMtools version 1.16.1 (Danecek et al. 2021 ) 
was used to filter mapped reads by mapping quality score 
(quality score of 60 or above) and to generate alignment 
statistics. 

To generate a consensus genome, consensus sequences 
were generated for each amplified region using Flye ver- 
sion 2.9.2 ( https://github.com/federglass/Flye ) and polished 

with Medaka version 1.9.1 ( https://github.com/nanoporetech/ 
medaka ). These were then mapped to the respective refer- 
ence genome with Minimap2 version 2.26 (Li 2018 , 2021 ) 
nd a consensus sequence covering the complete genome was
xtracted. The consensus genome was mapped to the ref- 
rence using the progressive Mauve algorithm (Darling et 
l. 2010 ) as a plugin in Geneious Prime version 2025.0.2
Biomatters Ltd, Auckland, New Zealand) to determine the 
 identity. 

esults and discussion 

valuation of primer pairs and amplicon size using 

37 DNA 

 total of 262 primer pairs, covering the entire M. genital-
um genome at 2.5 kb intervals, were generated using the tool
rimal Scheme (Quick et al. 2017 ) ( Supplementary File S1 ). In
rief, primers ranged from 19–30 bp with an average GC con-
ent of 43% (range 30%–60%) and an average melting tem-
erature of 60.3◦C (range 52.8–65◦C). The primers produced 

n average 2.5 kb amplicons (range 1399–3780 bp) with an
verage overlap of 283 bp (range 108–1773 bp). Primers were
alidated using DNA from the M. genitalium laboratory strain 

37. All 2.5 kb primer pairs produced an amplicon except
or one set spanning the ori region of the genome (i.e. primer
air 262). This was unexpected as this region of the genome
s highly conserved. Several additional primers were designed 

round this region with no success. PCR failure across the ori
ould be due to a tendency for the region to form secondary
tructures, or the very low GC content ( ∼16%, compared to
enome average of ∼32%). 

To reduce the number of PCR reactions and DNA re-
uirement, forward and reverse primers were mixed to pro- 
uce larger amplicons of 5 kb and 10 kb. This approach
lso reduced mispriming and, if multiplexing PCR reac- 
ions, primer dimer formation. Of the 131 primer pairs re-
uired to produce 5 kb amplicons (sizes ranging between 

635 bp and 6033 bp with an overlap between 108 bp and
689 bp), 121 (92.4%) successfully amplified. The primer 
airs which did not amplify were not localized to one sec-
ion of the genome but dispersed throughout. Lack of ampli-
cation was most likely due to DNA fragmentation. Again,
rimers covering the ori region failed to amplify. To evalu-
te the feasibility of generating amplicons with an average 
ize of 10 kb, the first 12 primer pairs were tested; amplifica-

art/ovaf119_f1.eps
https://github.com/fenderglass/Flye
https://github.com/nanoporetech/medaka
https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data
https://github.com/nanoporetech/dorado
https://github.com/esteinig/nanoq
https://github.com/federglass/Flye
https://github.com/nanoporetech/medaka
https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data
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ion was unsuccessful, suggesting fragmentation of the DNA
emplate. 

For amplicon sequencing, both the DNA for G37 and
GA20 were extracted using the MagNA Pure 96, a stan-

ard diagnostic extraction platform which is not specifically
esigned for high molecular weight extraction. In contrast,
or the direct whole genome sequencing, DNA was extracted
sing the Quick-DNA™ HMW MagBead Kit (Zymo Re-
earch, California, USA) which can extract DNA up to 150 kb:
owever, the average fragment size of the reads was only 2 kb.
his indicates that there is difficulty retaining the structural in-

egrity of whole M. genitalium genomes, regardless of whether
 high molecular weight extraction method is used. This could
e due to the fragile cell envelope of M. genitalium making
ts genome prone to fragmentation. Failure to produce 10 kb
mplicons and a reduction in the proportion of 5 kb ampli-
ons that successfully amplified, compared to 2.5 kb ampli-
ons (92.4% and 99.6%, respectively), suggests an average
ragment size between 2.5 and 5 kb after DNA extraction.
his constraint on amplicon length can be overcome by us-

ng 2.5 kb primer pairs in regions where 5 kb primers fail to
mplify. 

ssembly of G37 genome from tiled amplicon 

equences 

apping of the 2.5 kb amplicons to the laboratory G37
enome reference covered 99.5% (577.2 out of 580.1 kb)
f the genome with a mean read depth of 1973X (Table 1 ;
ig. 2 ). A consensus sequence was generated for 228 out
f the 261 2.5 kb amplicons; the number of consensus se-
uences generated was less than the number of amplicons
ue to two reasons: (i) some abutting amplicons were as-
embled together to form one consensus, and (ii) some am-
licons did not reach the threshold for read depth. Of these,
23 mapped to the laboratory G37 genome sequence to gener-
te a consensus whole genome sequence while the remaining
ve sequences either did not align to anything, or were se-
uences from bacteria commonly found as trace contaminants
n reagents (e.g. Acinetobacter ) and Vero cells. The percentage
dentity between this consensus genome and the laboratory
37 sequence was 95.8%; this discrepancy was due to gaps
ithin the genome as well as random variations between the

wo G37 strains used (amplicon template DNA from G37 co-
ultured with Vero cells and whole genome sequencing DNA
rom G37 grown in Hayflick medium). Mapping of the 5 kb
mplicons to the laboratory G37 genome reference covered
1.6% (531.4 out of 580.1 kb) of the genome with a mean
epth of 223X (Table 1 ; Fig. 2 ). A total of 133 consensus
equences were generated for each sequenced amplicon re-
ion, of which 130 aligned to the laboratory G37 genome
equence to generate a consensus whole genome sequence.
he percentage identity between the consensus genome and

he reference was 88.0%; this was lower than for the 2.5 kb
enome because amplification success was lower for the 5 kb
rimers. 
The coverage for the genome generated using 5 kb am-

licons was less than that generated using 2.5 kb ampli-
ons; 10 primer pairs failed to amplify, resulting in up to
0% ( ∼50 kb) of the genome missing. The majority of
eads (over 50%) were < 3500 bp, indicating fragmented
NA resulting in higher levels of incomplete extension for

he larger amplicons. Enrichment of longer fragments (i.e.
 3 kb) could be included during the ligation step, however,
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Figure 2. Distribution of read lengths after filtering for (a) G37 (2.5 kb amplicon size), (b) G37 (5 kb amplicon size), and (c) MGA20 (2.5 and 5 kb amplicon 
sizes). Black line represents N50. 
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a more useful strategy could be to use the 2.5 kb primer 
pairs (amplicon sizes 1399 bp to 3780 bp) to amplify the 
failed 5 kb regions, increasing the chance of amplifying re- 
gions where DNA is fragmented. In the case of insufficient 
DNA for repeat PCR reactions, the 5 kb amplicons alone 
can still generate a large portion of the genome, saving cost 
and DNA. 

Amplification and genome assembly of the MGA20 

clinical isolate 

Based on the G37 results, the 5 kb primer pairs were chosen to 

amplify the MGA20 clinical isolate. Of the 131 primer pairs 
required to amplify the whole gnome, 114 (87%) success- 
fully produced an amplicon. To recover more of the MGA20 

genome, regions that failed to amplify with 5 kb primer pairs 
were amplified with the corresponding 2.5 kb primer pairs; 
of the 17 regions missing an amplicon, 15 (88%) were suc- 
cessfully amplified. Reads were mapped to the GenBank G37 

reference genome (GenBank accession: NC000908) with a 
coverage of 98.4% (570.8 out of 580.1 kb) and mean read 

depth of 448X (Table 1 ; Fig. 2 ). A total of 135 consensus se- 
quences were generated for each amplicon of which all aligned 

to the GenBank G37 reference genome to generate a consensus 
whole genome. The pairwise identity between the consensus 
genome and the MGA20 reference genome was 89.4%. Most 
importantly, the rRNA rearrangement in the genome was not 
identified as the G37 reference was used. To overcome this de 
novo assembly of the consensus sequences can be used, how- 
ver, the number of consensus sequences makes this computa- 
ionally difficult. Regardless, these initial results indicate that 
he tiling amplicon method is a feasible approach to sequenc-
ng M. genitalium genomes, although, regions of the genome 
here rearrangements have occurred will require further 

nvestigation. 

lternative applications: targeted sequence 

nalysis of key genomic regions 

mplicon-based sequencing for M. genitalium has previously 
een performed for a small number of key genes for molecu-
ar typing and antimicrobial resistance determination (Plum- 
er et al. 2020 , Zhou et al. 2022 , Chiribau et al. 2024 ). The
rimer pairs designed in this study can be adapted for these ap-
lications. Analysis of three key resistance genes (23S rRNA,
arC , and gyrA ) and two genes commonly used for strain typ-

ng ( mgpB and MG309) was performed for the two amplicon-
enerated genomes. 

Sequencing of the 23S rRNA gene of G37 using the 2.5 kb
nd 5 kb amplicons, identified no mutations at the locations
onferring macrolide resistance in 23S rRNA gene, indicating 
his is a macrolide susceptible strain. Analysis of the MGA20
ample found an A2059G mutation ( M. genitalium number- 
ng) in the 23S rRNA gene, conferring macrolide resistance.
his mutation was confirmed by the MGA20 whole genome 
eference sequence. Similarly, for the parC and gyrA genes,
o mutations were identified in the G37 sample generated us-
ng either 2.5 or 5 kb amplicons, although amplification was

art/ovaf119_f2.eps
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nly successful in the gyrA region for the 2.5 kb amplicons.
or the MGA20 sample, a G248T mutation in parC , corre-
ponding to an S83I amino acid change, and a G285A muta-
ion in gyrA , corresponding to an M95I change, were found,
onsistent with the independently generated whole genome
eference sequence. 

In addition to analysing key resistance genes, sequences for
he mgpB and MG309 genes used for strain typing were as-
essed for reproducibility to the sample reference genomes. A
mall portion of the mgpB gene of 281 bp is used for strain
yping M. genitalium (Hjorth et al. 2006 ). For G37, analysis
f this portion of the gene did not identify any SNPs in the re-
ion when amplified with either the 2.5 kb or 5 kb primer
ets, indicating no variation from the G37 reference (Gen-
ank accession number NC_000 908). For the MGA20 sam-
le, sequencing identified that it belonged to sequence type
61 (PubMLST numbering) (Jolley et al. 2018 ). Analysis of
he MG309 lipoprotein gene in both G37 genomes generated
ith the 2.5 kb and 5 kb amplicons had the same number
f repeats as the laboratory G37 reference and the GenBank
37 reference (GenBank accession number NC_000 908), in-
icating no variation from the wild type reference strain.
ikewise, the same number of repeats were identified for
GA20 as the independently generated MGA20 reference

enome. 
Typing of M. genitalium has often been limited to single- or

ual-locus typing. Whole genome sequences generated using
he primer panel presented in this study provides the oppor-
unity to amplify a large portion of the genome, facilitating
hylogenetic analysis at a higher resolution than single- or
ual-locus typing. Alternatively, current strain typing meth-
ds used for M. genitalium can be expanded using the primer
anel presented here, although, more genomes are required to
etermine additional regions of the genome suitable for inclu-
ion in an extended typing scheme. 

imitations 

he study has limitations. First, primers were designed using
he limited set of complete M. genitalium genomes on Gen-
ank; therefore, they may be impacted by genomic rearrange-
ents such as that seen in the MGA20 sample. Moreover,

he analysis method presented in this study relies on a ref-
rence genome, thus, genomic sequencing of more M. geni-
alium samples is required to understand the genetic struc-
ure of these bacteria. Second, DNA fragmentation could
imit the utility of this approach, but this can be overcome
y using the smaller 2.5 kb primers. Third, this approach
equires over 100 PCR reactions; while the reaction vol-
me was reduced to minimize cost, multiplexing primers
s an alternative which reduces both the number of PCR
eactions and the amount of DNA required. This is espe-
ially important for clinical samples, in which DNA is of-
en a limiting constraint (Murray et al. 2019 ). Finally, vali-
ation of this method directly on clinical samples is still re-
uired. While this tiling amplification method may not always
roduce a full genome, generating a substantial portion of
he genome remains beneficial to our understanding of this
acterium. 
There are advantages to this method, mainly that specific

egions of the genome can be selectively sequenced, enabling
patching’ of regions which failed to be sequenced or had low
overage, and confirmation of mutations or recombinant re-
ions identified using alternative whole genome sequencing
pproaches. 

onclusions 

his study presents a proof-of-concept tiling amplicon ap-
roach to sequencing the M. genitalium genome by (i) design-
ng a set of primer pairs which produce overlapping ampli-
ons that cover the whole genome, and (ii) validating these
rimers using the G37 laboratory strain and a clinical isolate.
 large proportion of a genome was generated from a clinical

solate, despite the presence of genomic alterations. In addi-
ion to genomic sequencing, the primers can be adapted for
ther applications such as resistance surveillance and molec-
lar typing. Increasing antimicrobial resistance in M. genital-

um necessitates routine surveillance, however, this has been
indered by the fastidious nature of M. genitalium and the low
acterial load of clinical samples. The tiling amplicon method
nables the amplification of M. genitalium DNA without the
eed for host DNA depletion or hybridization baits for DNA
nrichment, providing an alternative and inexpensive method
or whole genome sequencing of M. genitalium . 

cknowledgements 

ioinformatics analyses were supported by the University of
elbourne’s Research Computing Services and the Petascale

ampus Initiative. 

uthor contributions 

eck-Phui Chua (Data curation [equal], Formal Analysis
equal], Investigation [equal], Methodology [equal], Writing –
riginal draft [equal], Writing – review & editing [equal]), Jen-
ifer Danielewski (Conceptualization [equal], Data curation
equal], Formal Analysis [equal], Supervision [equal], Writing
review & editing [equal]), Jose L. Huaman (Formal Analy-

is [equal], Supervision [equal], Writing – review & editing
equal]), Erica Plummer (Formal Analysis [equal], Supervi-
ion [equal], Writing – review & editing [equal]), Catriona
radshaw (Funding acquisition [equal], Supervision [equal],
riting – review & editing [equal]), Lenka Vodstrcil (Re-

ources [equal], Supervision [equal], Writing – review & edit-
ng [equal]), Dorothy Machalek (Supervision [equal], Writ-
ng – review & editing [equal]), Suzanne Garland (Funding
cquisition [equal], Supervision [equal], Writing – review &
diting [equal]), and Gerald L. Murray (Conceptualization
equal], Formal Analysis [equal], Funding acquisition [equal],

ethodology [equal], Project administration [equal], Supervi-
ion [equal], Writing – review & editing [equal]) 

upplementary data 

upplementary data is available at LAMBIO Journal online. 

onflict of interest : The authors have no conflicts to declare. 

unding 

his work was supported by the Australian Research Coun-
il Industrial Transformation Research Hub for Antimicrobial
esistance (IH190100021; to C.S.B., G.L.M.), and the Aus-

https://academic.oup.com/lambio/article-lookup/doi/10.1093/lambio/ovaf119#supplementary-data


Amplicon sequencing of M. genitalium genomes 7

 

 

 

 

G  

H

H  

J

 

J

J
 

J  

K

L

L

M

M
 

M  

 

 

M  

 

P  

P  

 

P

D
ow

nloaded from
 https://academ

ic.oup.com
/lam

bio/article/78/10/ovaf119/8268883 by U
niversity of M

elbourne user on 24 N
ovem

ber 2025
tralian Government Research Training Program Scholarship 

(T.P.C.). 

Data availability 

The data underlying this article are available in the article and 

in its online supplementary material. The MGA20 genome se- 
quence is available at GenBank (accession: CP199926). 

References 

Anagrius C , Lore B, Jensen JS. Treatment of Mycoplasma genitalium .
Observations from a Swedish STD clinic. PLoS One 2013; 8 :e61481.
https://doi.org/10.1371/journal.pone.0061481 

Bissessor M , Tabrizi SN, Twin J et al . Macrolide resistance and 
azithromycin failure in a Mycoplasma genitalium -infected cohort 
and response of azithromycin failures to alternative antibiotic regi- 
mens. Clin Infect Dis 2015; 60 :1228–36. https://doi.org/10.1093/ci 
d/ciu1162 

CDC . Antibiotic Resistance Threats in the United States, 2019 . Atlanta,
GA: U.S. Department of Health and Human Services, CDC; 2019.

Chambers LC , Jensen JS, Morgan JL et al . Lack of association between 
the S83I ParC mutation in Mycoplasma genitalium and treatment 
outcomes among men who have sex with men with nongonococcal 
urethritis. Sex Transm Dis 2019; 46 :805–9. https://doi.org/10.1097/ 
OLQ.0000000000001035 

Chiribau CB , Schmedes S, Dong Y et al . Detection of resis- 
tance to macrolides and fluoroquinolones in Mycoplasma geni- 
talium by targeted next-generation sequencing. Microbiol Spectr 
2024; 12 :e0384523. https://doi.org/10.1128/spectrum.03845-23 

Chua TP , Bodiyabadu K, Machalek DA et al . Prevalence of My- 
coplasma genitalium fluoroquinolone-resistance markers, and dual- 
class-resistance markers, in asymptomatic men who have sex with 
men. J Med Microbiol 2021; 70 :001429. https://doi.org/10.1099/jm 

m.0.001429 
Chua TP , Vodstrcil LA, Murray GL et al . Evolving patterns of 

macrolide and fluoroquinolone resistance in Mycoplasma genital- 
ium : an updated global systematic review and meta-analysis. Lancet 
Microbe 2025; 6 :101047. https://doi.org/10.1016/j.lanmic.2024.10 
1047 

Conway RJH , Cook S, Malone C et al . Clearance of Mycoplasma gen- 
italium infection with moxifloxacin in the presence of quinolone 
resistance-associated mutations. Sex Transm Dis 2020; 47 :197–8. 
https://doi.org/10.1097/OLQ.0000000000001095 

Couldwell DL , Tagg KA, Jeoffreys NJ et al . Failure of moxifloxacin 
treatment in Mycoplasma genitalium infections due to macrolide 
and fluoroquinolone resistance. Int J STD AIDS 2013; 24 :822–8.
https://doi.org/10.1177/0956462413502008 

Danecek P , Bonfield JK, Liddle J et al . Twelve years of SAMtools and 
BCFtools. Gigascience 2021; 10 . https://doi.org/10.1093/gigascienc 
e/giab008 

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 

Deguchi T , Maeda S, Tamaki M et al . Analysis of the gyrA and parC 

genes of Mycoplasma genitalium detected in first-pass urine of men 
with non-gonococcal urethritis before and after fluoroquinolone 
treatment. J Antimicrob Chemother 2001; 48 :742–4. https://doi.or 
g/10.1093/jac/48.5.742 

Dumke R. Molecular tools for typing Mycoplasma pneumoniae and 
Mycoplasma genitalium . Front Microbiol 2022; 13 :904494. https: 
//doi.org/10.3389/fmicb.2022.904494 

Fernández-Huerta M , Serra-Pladevall J, Esperalba J et al . Single- 
locus-sequence-based typing of the mgpB gene reveals trans- 
mission dynamics in Mycoplasma genitalium . J Clin Microbiol 
2020; 58 :e01886–19. https://doi.org/10.1128/JCM.01886-19 

Fookes MC , Hadfield J, Harris S et al . Mycoplasma genitalium : whole 
genome sequence analysis, recombination and population structure. 
BMC Genomics [Electronic Resource] 2017; 18 :993. https://doi.or 
g/10.1186/s12864- 017- 4399- 6 

uiraud J , Lounnas M, Boissiere A et al . Lower mgpB diversity in
macrolide-resistant Mycoplasma genitalium infecting men visiting 
two sexually transmitted infection clinics in Montpellier, France. J 
Antimicrob Chemother 2020; 76 :43–7. https://doi.org/10.1093/jac/ 
dkaa410 

jorth SV , Björnelius E, Lidbrink P et al . Sequence-based typing of My- 
coplasma genitalium reveals sexual transmission. J Clin Microbiol 
2006; 44 :2078–83. https://doi.org/10.1128/JCM.00003-06 

uaman JL , Bradshaw CS, Chua TP et al . Factors that contribute to the
success of primary isolation of Mycoplasma genitalium from clinical 
samples. J Med Microbiol 2025; 74 :002040. https://doi.org/10.109 
9/jmm.0.002040 

ensen JS , Bjornelius 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 

ensen JS , Bradshaw CS, Tabrizi SN et al . Azithromycin treatment fail- 
ure in Mycoplasma genitalium -positive patients with nongonococ- 
cal urethritis is associated with induced macrolide resistance. Clin 
Infect Dis 2008; 47 :1546–53. https://doi.org/10.1086/593188 

ensen JS , Hansen HT, Lind K. Isolation of Mycoplasma genitalium 

strains from the male urethra. J Clin Microbiol 1996; 34 :286–91.
https://doi.org/10.1128/jcm.34.2.286-291.1996 

olley KA , Bray JE, Maiden MCJ. Open-access bacterial population ge-
nomics: bIGSdb software, the PubMLST.Org website and their ap- 
plications. Wellcome Open Res 2018; 3 :124. https://doi.org/10.126 
88/wellcomeopenres.14826.1 

ikuchi M , Ito S, Yasuda M et al . Remarkable increase in 
fluoroquinolone-resistant Mycoplasma genitalium in Japan. J An- 
timicrob Chemother 2014; 69 :2376–82. https://doi.org/10.1093/jac/ 
dku164 

i H. Minimap2: pairwise alignment for nucleotide sequences. Bioin- 
formatics 2018; 34 :3094–100. https://doi.org/10.1093/bioinformati 
cs/bty191 

i H. New strategies to improve minimap2 alignment accuracy. Bioin- 
formatics 2021; 37 :4572–4. https://doi.org/10.1093/bioinformatics 
/btab705 

urray GL , Bodiyabadu K, Danielewski J et al . Moxifloxacin and 
sitafloxacin treatment failure in Mycoplasma genitalium infection: 
association with parC mutation G248T (S83I) and concurrent gyrA 

mutations. J Infect Dis 2020; 221 :1017–24. https://doi.org/10.1093/ 
infdis/jiz550 

urray GL , Bradshaw CS, Bissessor M et al . Increasing macrolide 
and fluoroquinolone resistance in Mycoplasma genitalium .
Emerg Infect Dis 2017; 23 :809–12. https://doi.org/10.3201/eid230 
5.161745 

urray GL , Danielewski J, Bodiyabadu K et al . Analysis of infec-
tion loads in Mycoplasma genitalium clinical specimens by use of
a commercial diagnostic test. J Clin Microbiol 2019; 57 :e00344–19.
https://doi.org/10.1128/JCM.00344-19 

urray GL , Plummer EL, Bodiyabadu K et al . gyrA mutations in
Mycoplasma genitalium and their contribution to moxifloxacin 
failure: time for the next generation of resistance-guided therapy.
Clin Infect Dis 2023; 76 :2187–95. https://doi.org/10.1093/cid/ciad 
057 

eh CR , Danielewski J, Chua TP et al . Quantitation of My-
coplasma genitalium using droplet digital PCR. Lett Appl Microbiol 
2023; 76 :ovad064. https://doi.org/10.1093/lambio/ovad064 

iñeiro L , Idigoras P, Cilla G. Molecular typing of Mycoplasma
genitalium -positive specimens discriminates between persistent and 
recurrent infections in cases of treatment failure and supports con-
tact tracing. Microorganisms 2019; 7 :609. https://doi.org/10.3390/ 
microorganisms7120609 

lummer EL , Murray GL, Bodiyabadu K et al . A custom amplicon se- 
quencing approach to detect resistance associated mutations and 
sequence types in Mycoplasma genitalium . J Microbiol Methods 
2020; 179 :106089. https://doi.org/10.1016/j.mimet.2020.106089 

https://doi.org/10.1371/journal.pone.0061481
https://doi.org/10.1093/cid/ciu1162
https://doi.org/10.1097/OLQ.0000000000001035
https://doi.org/10.1128/spectrum.03845-23
https://doi.org/10.1099/jmm.0.001429
https://doi.org/10.1016/j.lanmic.2024.101047
https://doi.org/10.1097/OLQ.0000000000001095
https://doi.org/10.1177/0956462413502008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1371/journal.pone.0011147
https://doi.org/10.1093/jac/48.5.742
https://doi.org/10.3389/fmicb.2022.904494
https://doi.org/10.1128/JCM.01886-19
https://doi.org/10.1186/s12864-017-4399-6
https://doi.org/10.1093/jac/dkaa410
https://doi.org/10.1128/JCM.00003-06
https://doi.org/10.1099/jmm.0.002040
https://doi.org/10.1128/JCM.42.2.683-692.2004
https://doi.org/10.1086/593188
https://doi.org/10.1128/jcm.34.2.286-291.1996
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1093/jac/dku164
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btab705
https://doi.org/10.1093/infdis/jiz550
https://doi.org/10.3201/eid2305.161745
https://doi.org/10.1128/JCM.00344-19
https://doi.org/10.1093/cid/ciad057
https://doi.org/10.1093/lambio/ovad064
https://doi.org/10.3390/microorganisms7120609
https://doi.org/10.1016/j.mimet.2020.106089


8 Chua et al.

P  

 

 

 

Q  

 

 

R  

 

 

S  

 

 

S  

 

 

T  

 

 

Z  

 

 

 

R
©
t
a

D
ow

nloaded from
 https://academ

ic.oup.com
/lam

bio/article/78/10/ovaf119/8268883 by U
niversity of M

elbourne user on 24 N
ovem

ber 2025
ond MJ , Nori AV, Witney AA et al . High prevalence of antibiotic-
resistant Mycoplasma genitalium in nongonococcal urethritis: the
need for routine testing and the inadequacy of current treatment
options. Clin Infect Dis 2014; 58 :631–7. https://doi.org/10.1093/ci
d/cit752 

uick J , Grubaugh ND, Pullan ST et al . Multiplex PCR method for
MinION and Illumina sequencing of Zika and other virus genomes
directly from clinical samples. Nat Protoc 2017; 12 :1261–76. https:
//doi.org/10.1038/nprot.2017.066 

ead TRH , Fairley CK, Tabrizi SN et al . Azithromycin 1.5 g over 5
days compared to 1 g single dose in urethral Mycoplasma genital-
ium : impact on treatment outcome and resistance. Clin Infect Dis
2017; 64 :250–6. https://doi.org/10.1093/cid/ciw719 

eo Y , Park H, Lee G. Molecular mechanisms of macrolide and fluo-
roquinolone resistance among Korean isolates of Mycoplasma gen-
eceived 5 May 2025; revised 19 September 2025; accepted 23 September 2025 
The Author(s) 2025. Published by Oxford University Press on behalf of Applied Mic

erms of the Creative Commons Attribution License ( https://creativecommons.org/licen
ny medium, provided the original work is properly cited.
italium over a period of five years 2014–2019. J Med Microbiol
2021; 70 :001460. https://doi.org/10.1099/jmm.0.001460 

weeney EL , Tickner J, Bletchly C et al . Genotyping of Mycoplasma
genitalium suggests de novo acquisition of antimicrobial resistance,
Queensland, Australia. J Clin Microbiol 2020; 58 :e00641–20. https:
//doi.org/10.1128/JCM.00641-20 

win J , Jensen JS, Bradshaw CS et al . Transmission and selection of
macrolide resistant Mycoplasma genitalium infections detected by
rapid high resolution melt analysis. PLoS One 2012; 7 :e35593. http
s://doi.org/10.1371/journal.pone.0035593 

hou L , Lopez Rodas A, Llangari LM et al . Single gene targeted
nanopore sequencing enables simultaneous identification and an-
timicrobial resistance detection of sexually transmitted infections.
PLoS One 2022; 17 :e0262242. https://doi.org/10.1371/journal.po
ne.0262242 
robiology International. This is an Open Access article distributed under the 
ses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in 

https://doi.org/10.1093/cid/cit752
https://doi.org/10.1038/nprot.2017.066
https://doi.org/10.1093/cid/ciw719
https://doi.org/10.1099/jmm.0.001460
https://doi.org/10.1128/JCM.00641-20
https://doi.org/10.1371/journal.pone.0035593
https://doi.org/10.1371/journal.pone.0262242
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	Author contributions
	Supplementary data
	Funding
	Data availability
	References

