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Rapid and sensitive detection of macrolide resistance in Mycoplasma genitalium is required for the guidance of adequate antimi-
crobial treatment. Previous studies have confirmed that single-base mutations at position 2058 or 2059 in domain V of the 23S
rRNA gene of M. genitalium result in high-level macrolide resistance. Sequencing of PCR products remains the gold standard
for the identification of mutations conferring resistance to macrolides but is laborious and time-consuming. The aim of the pres-
ent study was to develop a 5= nuclease genotyping assay to detect single nucleotide polymorphisms in the 23S rRNA gene of My-
coplasma genitalium that are associated with macrolide resistance by combining PCR with hydrolysis probes and subsequent
endpoint genotyping analysis. The 5= nuclease genotyping assay was used as a referral test to be used on M. genitalium-positive
samples and was validated on 259 positive samples, of which 253 (97.7%) were successfully sequenced. With the newly developed
assay, 237/259 (91.5%) investigated M. genitalium-positive samples were genotyped. The positive and the negative predictive
values were 100% when evaluated on successfully genotyped samples. The newly developed assay discriminated macrolide-resis-
tant M. genitalium in clinical specimens possessing A2058G, A2058C, A2058T, and A2059G mutations with a sensitivity of
94.4% (95% confidence interval [CI], 90.7% to 98.2%) and a specificity of 92.7% (95% CI, 87.8% to 97.6%) when evaluated on
successfully sequenced samples. The assay can correctly guide antimicrobial treatment of M. genitalium infections.

Mycoplasma genitalium is a sexually transmitted bacterium
that causes nongonococcal urethritis in men and has been

associated with cervicitis and pelvic inflammatory disease in
women (1). The current recommended treatment of M. genita-
lium infection in Scandinavia is an extended course of oral mac-
rolide. However, if empirical treatment of nongonococcal urethri-
tis is initiated, usually only a single dose of azithromycin is given as
treatment for suspected Chlamydia infection. Single-dose azithro-
mycin treatment of M. genitalium infection is associated with a
suboptimal treatment response and, in the case of treatment fail-
ure, with the development of M. genitalium macrolide resistance
(2, 3). Macrolide-resistant M. genitalium strains are consequently
prevalent, and resistance rates of 41% in a cohort of men with
urethritis in London (4) and 38% in a recent population-based
Danish survey (5) have been reported. In proven M. genitalium
infection, macrolide susceptibility reporting is therefore necessary
to guide therapy (6).

Macrolide resistance in M. genitalium is strongly associated
with the mutations A2058G and A2059G in the gene encoding 23S
rRNA (3, 7, 8). In a recent Dutch study, a high proportion of the
A2058T mutation causing resistance was observed (9). Resis-
tance-associated mutations can be identified by PCR amplifica-
tion and sequencing. This method is best suited to process samples
in bulk and may result in unacceptable reporting times. High-
resolution melting (HRM) analysis is another powerful tool to
detect mutations in a target sequence, and PCR assays using HRM
analysis for detecting mutations associated with macrolide resis-
tance have recently been reported (10, 11). An alternative method
for identifying known mutations is genotyping assays using dif-
ferentially labeled hydrolysis probes targeting wild-type and mu-
tated alleles (12, 13). In the present study, we report such a 5=
nuclease genotyping assay for the detection of the macrolide resis-
tance-associated mutations in M. genitalium. The assay was used
to determine macrolide resistance in 259 samples that had previ-

ously tested positive for the presence of M. genitalium, and the
results obtained using this assay were compared to sequencing of
the region of interest in the 23S rRNA gene. The 5= nuclease geno-
typing assay was highly accurate compared to sequencing.

MATERIALS AND METHODS
M. genitalium detection. Between 8 October 2013 and 12 September
2014, the Department of Clinical Microbiology received 3,147 samples to
test for the presence of M. genitalium. Testing was done using a laborato-
ry-developed quantitative PCR (qPCR) using hydrolysis probes targeting
the pdhD and mgpB genes of M. genitalium and an additional sample-
processing control. The primers and probes of this laboratory-developed
test have previously been published (14–16). In the multiplex qPCR, the
final concentrations of M. genitalium-specific primers and of probes were
500 nM and 100 nM, respectively. Reactions were done in a total volume
of 20 �l with LightCycler 480 probes master (Roche Applied Sciences,
Penzberg, Germany) as the master mix. PCR was performed on the Light-
Cycler 480 instrument (Roche Diagnostics, Basel, Switzerland) with the
following PCR profile: 10 min of 95°C followed by 50 cycles of 95°C for 10
s and 60°C for 25 s. Fluorescence intensity was measured at the end of each
cycle. Samples were identified as positive for the presence of M. genitalium
if the two targets, pdhD and mgpB, were reactive. If only one target was
detected, the sample was retested, and if reactive in either target upon
retest, the sample was considered positive for M. genitalium.
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Ethics statement. This study was done using residual samples from
routine clinical testing. The experimental protocol was reviewed by the
Ethics Committee of the Capital Region of Denmark. As the study did not
include patient data, the committee waived further evaluation of the pro-
tocol and advised that informed consent was not required (no. 14012610).

Nucleic acid purification. Total nucleic acid (TNA) from samples was
purified by MagNA Pure 96 (Roche Diagnostics) using the MagNA Pure
96 DNA and Viral NA small-volume kit (Roche Applied Sciences). The
input included 190 �l of sample material mixed with 10 �l of sample
processing control. TNA was eluted in 100 �l.

Sanger sequencing of 23S rRNA. Previously published primers were
used for amplification of the PCR product and sequencing of the domain
V of the 23S rRNA gene encompassing the 2058, 2059, and 2062 positions
(numbers referring to Escherichia coli sequence) (11). PCR was performed
on an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) using
the Qiagen OneStep reverse transcriptase PCR (RT-PCR) kit (Qiagen,
Hilden, Germany) with the following cycling settings: 50°C for 30 min and
95°C for 15 min followed by 40 cycles of 94°C for 15 s, 55°C for 30 s, 72°C
for 60 s, and finally 72°C for 10 min with cooling at 4°C. The expected
266-bp amplicon was exclusively generated for samples that tested posi-
tive for M. genitalium. Sanger sequencing of PCR products was done by
Macrogen Europe (Macrogen, Amsterdam, the Netherlands). Sequence
data obtained were analyzed using CLC Main Workbench software (CLC
bio, Aarhus, Denmark), and BLAST analysis confirmed that the 23S rRNA
gene of M. genitalium had been sequenced.

5= nuclease genotyping assay for M. genitalium macrolide suscepti-
bility testing. For the detection of point mutations associated with mac-
rolide resistance in M. genitalium, a PCR using hydrolysis probes and
subsequent endpoint genotyping analysis was developed. The assay spe-
cifically targeted two mutations associated with macrolide resistance in
the gene encoding 23S rRNA in M. genitalium, A2058G and A2059G
(GenBank accession no. NR_077054.1). Samples were analyzed in the
period between 26 August and 23 September 2014 as detailed below.

A region of the 23S rRNA gene (positions 1979 to 2125) was targeted
using the following primers modified from Jensen et al. (7) and probes
designed for this study: 200 nM forward primer 5=-CCATCTCTTGACT
GTCTCGGC-3=, 300 nM reverse primer 5=-CCTACCTATTCTCTACAT
GGTGGTG-3=, and a mixture of three different probes (400 nM wild-type
probe LC610-GGACGGAAAGACCCCGTGAAGCTTT-BBQ, 200 nM
A2058G probe LC640-GACGGGAAGACCCCGTGAAGCTTT-BBQ,
and 200 nM A2059G probe LC640-GACGGAGAGACCCCGTGAAGCT
TT-BBQ (see Fig. 1). Reactions were performed using 8 �l of template in
a total volume of 20 �l using LightCycler 480 probes master (Roche Ap-
plied Sciences) as the master mix. PCR was performed on the LightCycler
480 instrument (Roche Diagnostics) using the following PCR profile: 10
min at 95°C followed by 50 cycles of 95°C for 10 s and 60°C for 25 s.
Fluorescence intensity was measured at the end of each cycle.

The data collected by the LightCycler 480 instrument were analyzed
using the endpoint genotyping analysis module in the LightCycler 480
software. Based on the in-run controls and the endpoint fluorescence, the
individual samples were categorized as either M. genitalium wild type or
mutated by the software. As in-run controls, synthesized Ultramer oligo-
nucleotides (Integrated DNA Technologies, Leuven, Belgium) compris-
ing the entire PCR product were used. The sequences of the controls are
shown in Fig. 1. A no-template control was included in each PCR run.
Samples resulting in a negative call by the software (neither wild type nor
mutated) or those that had fluorescence levels below 7,000 were repurified
and tested a second time. No samples were processed more than twice.

RESULTS
Clinical samples. During the period, 325 (10.3%) samples tested
positive for the presence of M. genitalium, and for 259 of these, the
residual sample was stored at �20°C for subsequent genotypic
testing for macrolide resistance. Of the samples included, 113
(43.6%) were obtained from females (92 [81.4%] cervical swabs,
17 [15.0%] urethral swabs, and 4 [3.5%] urine samples), and 146
(56.4%) were obtained from males (94 [64.3%] urethral swabs
and 52 [35.6%] urine samples). Of the samples not included, 30
(45.5%) originated from women (27 [90.0%] cervical swabs, 2
[6.7%] urethral swabs, and 1 [3.3%] urine sample), and 36
(54.5%) originated from men (19 [52.8%] urethral swabs and 17
[47.2%] urine samples). Samples included and not included did
not differ with respect to patient gender (P � 0.89; Fisher’s exact
test). Furthermore, the crossing point values (Cp) that were ob-
tained in diagnostic M. genitalium isolates did not vary between
the included samples (Cp [pdhD], mean � 32.03) and those sam-
ples that were not included (Cp [pdhD], mean � 32.16) (P � 0.83;
Student’s t test; two-sided, independent samples, equal variance),
which indicated that samples did not differ in bacterial load.

Sanger sequencing of 23S rRNA. Using Sanger sequencing, we
were able to amplify and sequence the 23S rRNA gene in 253/259
(97.7%; 95% confidence interval [CI], 95.9% to 99.5%) samples.
Of the 253 successfully sequenced samples, 109 (43.1%) were wild
type (i.e., macrolide susceptible), 75 (29.6%) contained the
A2058G mutation (i.e., macrolide resistant), 65 (25.7%) con-
tained the A2059G mutation (i.e., macrolide resistant), 2 (0.8%)
contained the A2058T mutation (i.e., macrolide resistant), and 1
(0.4%) contained the A2058C mutation (i.e., macrolide resistant).
The remaining sample displayed a mixed sequence chromatogram
containing a wild-type and A2058G (macrolide resistant) result.
These results are summarized in Fig. 2. In all, 144 of the 253

FIG 1 Nucleotide sequences of the in-run controls used for the 5= nuclease genotyping assay. The nucleotide sequences of wild-type Ultramer oligonucleotide
(Wt) and Ultramer oligonucleotides containing the two most frequent macrolide resistance mutations, A2058G and A2059G, are shown. The location of the
forward primer is indicated in blue and that of the reverse primer is indicated in green. Arrows indicate the 5= to 3= direction of the primer sequences. The
nucleotide sequences of the three probes, wild-type probe, A2058G probe, and A2059G probe, are shown in the red boxes.
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(56.9%; 95% CI, 50.8% to 63.0%) sequenced samples were cate-
gorized as containing mutations conferring resistance to macro-
lides (see Fig. 2, red boxes).

5= nuclease genotyping assay for M. genitalium macrolide
susceptibility testing. The 5= nuclease genotyping assay success-
fully genotyped 223/259 (86.1%; 95% CI, 81.9% to 90.3%) sam-
ples. When the assay was repeated on the 36 samples that did not
successfully genotype, 14 additional samples were successfully
genotyped, yielding a total of 237 (91.5%; 95% CI, 88.5% to
94.9%) samples genotyped. Figure 3 shows an example of one of
the plots. Of the 237 samples, 132 were genotyped as containing
either the A2058G or the A2059G mutation (green in Fig. 3). The
assay did not distinguish between the two mutations A2071G and
A2072G, as these were grouped together in the endpoint fluores-
cence scatter plot. In all, 101 genotyped samples were classified as
wild type (blue in Fig. 3).

Four samples were not genotyped as wild type or A2058G/
A2059G but formed a separate cluster and were genotyped as
“both alleles” or “unknown” by the software (red and magenta in
Fig. 3) and were clustered in between the wild-type and A2058G/
A2059G clusters. These results were reproducible when the sam-
ples were rerun. The four samples contained A2058C/T mutations

(three samples) or a wild-type and A2058G result (one sample) by
Sanger analysis.

Discrimination of the assay, i.e., the ability to remain nonreac-
tive in the absence of M. genitalium in the sample, was evaluated
using 141 clinical samples (92 samples from females [75 cervical
swabs, 11 urethral swabs, and 6 urine samples] and 49 samples
from males [21 urethral swabs and 28 urine samples]), 6 throat
swabs that had tested positive for Mycoplasma pneumoniae (mean
Cp, 25.9; range, 24.0 to 28.6), and a panel of Mycoplasma spp. (n �
14). The panel included Mycoplasma primatum, Mycoplasma
orale, Mycoplasma lipophilum, M. pneumoniae, Mycoplasma alvi,
Mycoplasma penetrans, Mycoplasma salivarium, Mycoplasma pi-
rum, Mycoplasma arginini, Mycoplasma hominis, Mycoplasma
buccale, Mycoplasma amphoriforme, and Mycoplasma gallisepti-
cum (at concentrations between 105 and 108 genome equivalents/
ml). All of the above samples were not reactive in the 5= nuclease
genotyping assay.

Comparison of 5= nuclease genotyping results with those of
23S rRNA sequencing. The results from the 5= nuclease genotyp-
ing assay were compared to those of 23S rRNA sequencing. The
results of the two methods are summarized in Fig. 2. The 5= nu-
clease genotyping assay did not result in false-negative or false-

FIG 2 Comparison of 5= nuclease genotyping results with those of 23S rRNA sequencing. All 101 samples identified with the 5= nuclease genotyping assay as wild
type were verified by sequencing. All 132 samples, which by the 5= nuclease genotyping assay were classified as containing M. genitalium with A2058G or A2059G
mutations, were verified by sequencing. Four samples that clustered separately from the wild-type and A2058G/A2059G samples yielded either A2058C/T
mutations or contained a mixture of wild-type and A2058G alleles when sequenced. Six of the 259 samples were not evaluated because the samples were not
successfully genotyped by sequencing or by the 5= nuclease genotyping assay. The figure samples that by sequencing contain mutations associated with macrolide
resistance are indicated with red-shaded boxes. Samples without mutations, i.e., categorized by sequencing as macrolide susceptible, are indicated by green-
shaded boxes. Of the 253 samples genotyped by sequencing, 109 (43.1%) were wild type, 75 (29.6%) contained the A2058G mutation, 65 (25.7%) contained the
A2059G mutation, 2 (0.8%) contained the A2058T mutation, and 1 (0.4%) contained an A2058C mutation. The remaining sample displayed a mixed sequence
chromatogram containing wild-type and A2058G results. In all, 144 of the 253 sequenced samples contained mutations conferring resistance to macrolides
(56.9%).
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positive results. All 101 samples that were identified with the 5=
nuclease genotyping assay as wild type were verified by sequenc-
ing. All 132 samples, which by the 5= nuclease genotyping assay
were classified as containing M. genitalium with an A2058G or
A2059G mutation, were verified by sequencing. The four samples
that resulted in ambiguous calls by the software yielded either
A2058C/T mutations or contained a mixture of wild-type and
A2058G alleles. The positive predictive value and the negative pre-
dictive value of the assay were each 100%.

The proportion of samples genotyped was higher for the se-
quencing assay than for the 5= nuclease assay (253/259 [97.7%;
95% CI, 95.9% to 99.5%] versus 237/259 [91.5%; 95% CI, 88.1%
to 94.9%]; P � 0.001 [McNemar’s test]). If the sensitivity and
specificity of the 5= nuclease genotyping assay are calculated on
the basis of all samples genotyped by sequencing, the sensitivity
(i.e., the proportion correctly classified as macrolide resistant
by the 5= nuclease assay of the number of samples classified as
macrolide resistant by sequencing) of the 5= nuclease genotyp-
ing assay was (132 � 4)/(132 � 4 � 8) � 94.4% (95% CI, 90.7%
to 98.2%) and the specificity (i.e., the proportion correctly
classified as macrolide susceptible by the 5= nuclease assay of
the number of samples classified as macrolide susceptible by
sequencing) was 101/(101 � 8) � 92.7% (95% CI, 87.8% to
97.6%). The accuracy of the 5= nuclease genotyping assay was
93.7% (237/253 samples).

DISCUSSION

In this study, we report that 56.9% (95% CI, 50.8% to 63.0%) of
samples positive for the presence M. genitalium contain mutations
conferring resistance to first-line macrolide treatment, which in-
dicates a further increase in resistance from the 38.1% resistance
rate reported by Salado-Rasmussen and Jensen (5) based on Dan-
ish samples collected between January 2006 and December 2010.
The high frequency of resistance and the limited treatment op-
tions necessitate rapid resistance assays to spare secondary treat-
ment options (6). Indeed, emerging resistance to secondary treat-
ment options using fluoroquinolones has already been reported in
selected populations (3, 4, 8, 17).

Clinical M. genitalium infections are often associated with low
bacterial loads in clinical samples (18), and these low loads may
pose specific problems for genotyping assays used to determine
macrolide susceptibility. Touati et al. recently reported on a fluo-
rescence resonance energy transfer (FRET)-based HRM assay that
is capable of identifying the most frequent resistance-causing mu-
tations in 23S rRNA: A2058G, A2059G, and A2058C. In their re-
port, they were capable of genotyping 155/202 (76.7%) specimens
(11). Wold et al. described a 5= nuclease-based assay using a com-
mon probe and 6 different forward primers specific to wild type,
A2059G, A2059C, A2058G, A2058C, and A2058T results, respec-
tively. They restricted their analysis to samples that were positive
with a quantification cycle (Cq) value of �32 and obtained in this

FIG 3 Endpoint fluorescence scatter plot containing 4 in-run controls and 40 clinical specimens. Control reactions using Ultramer oligonucleotides for wild type
(Wt) (A), A2058G (B), and A2059G (C) are shown. (D) No template control. The gray box indicates the area where fluorescence levels were below 7,000 and
samples were rerun. Clinical specimens were grouped by the software as either wild-type M. genitalium (blue), mutated M. genitalium (green), or inconclusive
(gray). The plot shows four samples clustering between the wild-type and mutant groups in red (E, F, and G) and magenta (H). Calls of the software were in these
cases “both alleles” (red) or “unknown” (magenta). These calls were generated by clinical specimens that contained A2058C/T mutations or a mixture of
wild-type and A2058G results when sequenced.
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subset a genotype for 99/105 (94.3%) samples. However, the need
for a preselection of samples with a relatively high bacterial load
may suggest that sensitivity may limit the utility of this assay in
clinical routine (11, 19).

The 5= nuclease genotyping assay reported here was used to
characterize samples containing M. genitalium. The assay success-
fully genotyped 86.1% of M. genitalium PCR-positive samples in a
single attempt and 91.5% of samples when repeated. This finding
may indicate that the proportion of samples genotyped is limited
by sampling variation. Increasing the number of replicates used
for genotyping may partially circumvent this sampling problem.
Thus, we would expect a greater than 90% successful genotyping
rate if the assay is done in duplicate and a further increase if more
replicates are done. In addition, positive samples were stored
at �20°C until genotyped. It has previously been reported that M.
genitalium DNA may degrade when stored at this temperature for
extended periods (18). For these reasons, a less than 100% suc-
cessful genotyping rate was to be expected.

The assay does not discern between the most frequently de-
tected resistance mutations A2058G and A2059G; however, the
third most frequent resistance mutation A2058T consistently
yielded a signal in between wild-type and the A2058G/A2059G
variants. Although the A2058T mutation was only infrequently
detected in the present study (2/136 [1.5%] resistant samples),
isolates with this resistance mutation may be fit and transmissible,
as samples containing this mutation were present in almost a third
of the resistant samples in a recently published Dutch study (9).

In conclusion, we describe a 5= nuclease genotyping assay that
is easily interpretable and allows timely reporting of macrolide
resistance in M. genitalium. The assay can genotype a large pro-
portion of samples that test positive in a primary diagnostic
assay for M. genitalium and displays a high concordance with
sequencing.
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