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Abstract

:

Often dismissed as a commensal, Mycoplasma hominis is an increasingly prominent target of research due to its role in septic arthritis and organ transplant failure in immunosuppressed patients, particularly lung transplantation. As a mollicute, its highly reductive genome and structure render it refractile to most forms of treatment and growing levels of resistance to the few sources of treatment left, such as fluoroquinolones. We examined antimicrobial susceptibility (AST) to fluoroquinolones on 72 isolates and observed resistance in three (4.1%), with corresponding mutations in the quinolone resistance-determining region (QRDR) of S83L or E87G in gyrA and S81I or E85V in parC. However, there were high levels of polymorphism identified between all isolates outside of the QRDR, indicating caution for a genomics-led approach for resistance screening, particularly as we observed a further two quinolone-susceptible isolates solely containing gyrA mutation S83L. However, both isolates spontaneously developed a second spontaneous E85K parC mutation and resistance following prolonged incubation in 4 mg/L levofloxacin for an extra 24–48 h. Continued AST surveillance and investigation is required to understand how gyrA QRDR mutations predispose M. hominis to rapid spontaneous mutation and fluoroquinolone resistance, absent from other susceptible isolates. The unusually high prevalence of polymorphisms in M. hominis also warrants increased genomics’ surveillance.
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1. Introduction


Mycoplasma hominis is an uncommon urogenital colonizer that belongs to the Mollicutes class of bacteria. While pathogenicity in immunocompetent individuals is controversial, it has recently been linked to bacterial vaginosis [1]. Infection can also increase the risk of female infertility, spontaneous abortion, stillbirth, and premature rupture of membranes [2]. While viewed as a pathobiont (i.e., organisms that can cause harm under certain circumstances), the association of M. hominis with failure in lung transplant patients or potentially lethal hyperammonemia means that it is important to develop fast and effective methods of treatment for the disease in immunosuppressed patients [3,4,5].



Mollicutes are one of the simplest forms of self-replicating life, and as such are resistant to most of the treatment methods normally employed by clinicians. They lack the cell walls that are targeted by beta-lactams and glycopeptides and lack the folic acid pathways that would be inhibited by sulphonamides and trimethoprim [6]. M. hominis itself is naturally resistant to 14- and 15-membered ring macrolides [7] and incredibly fastidious, making in vitro growth and/or detection incredibly laborious. The remaining therapeutics for treatment are macrolides, tetracyclines, and fluoroquinolones, the last of which is the family to which ciprofloxacin, levofloxacin, and moxifloxacin belong.



Fluoroquinolones target the type II topoisomerases that facilitate alterations in chromosomal supercoiling necessary for transcription and DNA replication. By binding to these topoisomerases, they render the topoisomerases unable to disassociate from the DNA molecule so it cannot reform, creating wide-scale nucleotide breaks and ultimately cell death. While effective therapeutics for M. hominis, they can be associated with a variety of adverse side effects. These include tenonitis, tendon rupture, potential prolonged QT intervals, and, rarely, cardiac arrhythmia [8]. This means that application of this treatment needs to be highly targeted and account for issues such as drug resistance.



The mechanism for fluoroquinolone resistance in M. hominis has been established as arising from Single Nucleotide Polymorphisms (SNPs) in the Quinolone Resistance-Determining Region (QRDR) of the topoisomerase genes, as best characterized for E. coli but also reported for M. hominis [9,10,11]. By altering the protein conformation of the resulting topoisomerases, they become immune to the disruptive effect of fluoroquinolones. As this mutation can arise with a single-point mutation, it can occur spontaneously in clinical isolates regardless of lineage, and, therefore, rapid analysis of isolates during treatment is the most reliable way of identifying these resistant strains.



To aid in this analysis, we analyzed the entire gyrA, gyrB, parC, and parE genes (including the QRDR) of 72 different sequenced strains and found mutations in the QRDR of three strains that conferred phenotypic antibiotic resistance to fluoroquinolones. We further showed evidence of fluoroquinolone-susceptible strains carrying QRDR mutations in the gyrA gene that were able to spontaneously gain a parC mutation after prolonged incubation with higher concentrations of levofloxacin, which was not observed in isolates without gyrA mutations. We also investigated the prevalence of non-resistance polymorphisms in these key genes for M. hominis, which could obfuscate a genomics-based approach to resistance screening for this bacterium.




2. Results


Overall, of the 72 M. hominis isolates that were analyzed and came from a wide range of geographic locations 12 were isolated from Havana, Cuba; seven from Pancevo, Serbia; 31 from various locations in England, five from Perth, Australia; and 14 from Pontypridd, Wales (as well as the ATCC prototype reference strains from France and the USA). Many were collected as part of previous studies and the metadata are included in the Supplementary Materials. The full list of non-synonymous polymorphisms present for gyrA, gyrB, parC, and parE in all 72 isolates, as compared to ATCC 23114, are also given in Appendix A, Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6. Reference strain ATCC 33131 (Sprott Strain) was also examined as a prototype strain. Table 1 lists the variations in SNP frequency between all isolates, both for all SNPs present and for just functional/non-synonymous SNPs. Of the four genes analyzed, gyrA contained the highest number of SNPs of any of the four genes, with between 25 to 97 SNPs present in any one isolate relative to ATCC 23114 (Table 1). When we looked at non-synonymous SNPs (i.e., only those affecting changes in amino acid composition), parC contained the highest levels of variation with five to 10 amino acid polymorphisms in any one isolate relative to ATCC 23114 (Table 1).



Of the 72 isolates that were initially analyzed, three demonstrated phenotypic resistance to fluroquinolones (levofloxacin MIC > 2 mg/L and moxifloxacin MIC > 0.5 mg/L): U006, MH10-09, and MH15-03. All other isolates demonstrated conventional susceptibility to fluoroquinolones, and these three isolates were found to have non-synonymous mutations in both the gyrA and parC genes (Figure 1). However, full gene analysis also identified two isolates, DF28 and S019M, that carried the same gyrA mutation observed in U006 and MH15-3 (S153L; E. coli numbering S83L). They had no significant elevation in levofloxacin MIC of 0.5 mg/L (relative to mean of 0.352 ± 0.17 mg/L for all susceptible isolates; Figure 2), although they both had an intermediate moxifloxacin MIC of 0.25 mg/L (relative to mean of 0.80 ± 0.01 mg/L for all susceptible isolates, Figure 2).



Furthermore, prolonged incubation of these two isolates with levofloxacin resulted in spontaneous induction of resistance (MIC 4 or 8 mg/L for moxifloxacin and levofloxacin, respectively; Figure 2) within 24–48 h later, which was not observed for other isolates. Resequencing of these induced resistant isolates (given names, DF282R and S019M2R) and found induction of the same parC mutation as observed for MH10-9 S91I (S81I E. coli numbering; Figure 1). While the gyrA SNP of MH10-09 was observed to be shifted 12 bases downstream relative to the QRDR mutations present in other isolates, no significant difference in MICs were detected between these three isolates. It is interesting to note that while S019M and DF28 shared the observed gyrA mutation with MH15-3 and U006, the induced parC mutation aligned with that observed for MH10-9 (Appendix A, Table A1, Table A3, Table A4 and Table A5). Further, U006 additionally contained an K144R mutation proposed as a source of fluoroquinolone resistance in a previous report [12], but this polymorphism can be observed in 28 other isolates (Appendix A, Table A3, Table A4 and Table A5) without elevated MICs in this cohort and, therefore, is clearly a non-resistance polymorphism and not a resistance-mediating mutation. With regard to parC QRDR mutations, this appears to be the dominant determinant for levofloxacin and moxifloxacin resistance as only those strains carrying either S91I (E. coli numbering S81I) or E95K or V (E. coli numbering E85K or V) were phenotypically resistant. The gyrA mutation S153L is only capable of mediating an intermediate moxifloxacin MIC = 0.25 mg/L when present alone (Figure 2).



As demonstrated by Figure 3, phylogenetic variance between resistant isolates varied significantly. DF28 and DF282R did not cluster together along the same branch as S019M and S019M2R even though both pairs of isolates were a product of spontaneous resistance induction. The naturally occurring resistant isolates (MH10-09, MH15-03 and U006) were spread throughout the phylogenetic tree, indicating a low chance of resistance being shared along a subgroup or to represent clonal expansion.




3. Discussion


Single mutation in the GyrA QRDR was found associated with susceptible fluoroquinolone MICs and resistance was found to require an additional ParC QRDR mutation. Unfortunately, no isolates with an isolated ParC QRDR mutation were identified to examine. Furthermore, only isolates with the pre-existing GyrA QRDR mutation spontaneously developed induced resistance in our study. We examined resistance against levofloxacin and moxifloxacin, despite the fact these are rarely used to treat sexually transmitted infections (ciprofloxacin or ofloxacin being more frequently prescribed). This highlights a short fall of the only available internationally agreed thresholds for fluoroquinolone resistance determination [13]. However, MICs for ciprofloxacin are usually the same or slightly higher than those observed for levofloxacin. In our study, of the 72 isolates that underwent AMR testing, only 4% of isolates were identified as being resistant to fluoroquinolones. While this appears much lower than in some other studies that specifically investigated fluoroquinolone resistance rates [12,14,15], our rates are consistent with those observed in a recent multi-national study on patients undergoing infertility investigation and symptomatic sexual health patients in the UK, France, and Serbia in 2019 (resistance in 2/85 M. hominis isolates) [16]. Furthermore, a study examining 1000 sexual health patients in Wales identified 100 M. hominis isolates with no fluoroquinolone resistance [17]. Our study contained samples from a variety of geographical regions, which included all previously available, archived fluoroquinolone-resistant isolates, but were chosen because they had associated whole genome sequences, and so is not representative of a complete clinically relevant data set. Hopefully more in depth sequencing studies for laboratories reporting higher fluoroquinolone resistance rates will be forthcoming.



Of the three resistant isolates and two inducible isolates, there was a consistent modification of S153L of the QRDR section of gyrA, with MH10-09 being the exception having a E157G mutation. While not entirely uniform, the narrow band of mutation positions provides a starting point for further analysis regarding the functional effects of a mutation in this region. Mutations in the parC genes of these isolates were more varied, with S91I mutations observed in U006 and MH15-03, but a E95V mutation observed in MH10-09. This is further supported by the observation of variable resistance observed in S019M and DF28, which contained the exact same set of SNPs in the QRDR section of its gyrA region but had an E95K mutation, rather than an E95V mutation, in its parC gene. The earliest investigation of induced fluoroquinolone resistance in M. hominis through multi-step repeated challenge of isolates with ciprofloxacin, norfloxacin, pefloxacin, and ofloxacin, by Bebear et al., only reported gyrA QRDR mutations [18]. However, this ground-breaking study in 1999 did not have the ability to additionally amplify and examine the parC gene for the same resistant isolates to see if corresponding mutations were present for that gene as well. These historical studies relied on Sanger sequencing of amplicons using primers designed against conserved regions from other bacteria, and our study has the benefit of long sequence contigs from high-depth next generation whole genome sequencing to identify the full range of polymorphisms across all gyrase and topoisomerase genes.



Similar examples of co-mutations contributing to a variance of antimicrobial resistances have been observed in previous studies of M. hominis. Observations specifically regarding the gyrase genes in other human mollicutes have been made before [14,19,20], but the variance of resistance and its corresponding regulation is, to our knowledge, a novel observation we have made here. More broadly, other mutations have been implicated as the source for fluoroquinolone resistance such as parC K144R mutation [12], which we found in resistant strain U006, but also in 28 susceptible strains. These authors also reported A154T parC mutation as a potential resistance marker; while we did not find any A154T mutations, we did find six susceptible strains carrying the A154V polymorphism. We identified many other polymorphisms but did not find the putative parE mutation A463S in any susceptible or resistant isolate.



When we look more broadly at the comparisons between isolates, one observation we can make is the significant heterogeneity in the reference genomes that are conventionally used for Mycoplasma hominis. Of the 72 isolates used, two reference strains were included, ATCC 23114 and Sprott. Although reference strains, both exhibited incredibly high levels of heterogeneity relative to each other, which further exemplifies the unusually high polymorphism prevalence of this species. More broadly, QRDR-mediated resistance is a common occurrence in a variety of similar pathogens and similar amino acid changes are conserved across multiple species (which is the basis for determining the E. coli numbering equivalents). QRDR-mediated mutations have been observed in E. coli [9] as well as Streptococcus spp. [21] and Enterococcus faecalis [22], each of which has been suggested as a putative source of the original gyrase/topoisomerase complex via non-specific horizontal gene transfer [23,24]. The seemingly non-specific nature of horizontal gene transfer implies there may be a relationship between antimicrobial resistance development and co-infections. However, this mechanism was not supported by our study despite the high inter-isolate variability, as the topoisomerase and gyrase genes are still much more closely related to each other than to out-groups by phylogeny analysis (Figure 3).



As demonstrated in Figure 3, the genetic diversity of M. hominis is incredibly high, more so than one would expect. The unusually high diversity for M. hominis has been noted before. Multi-locus sequence typing schemes developed for M. hominis have previously reported that identical sequence types are only found when isolated from the same patients at multiple timepoints [25]. We found the highest degree of variation in the gyrA gene (the lowest having 25 and the highest having 97 SNPs relative to ATCC 23144), which is in sharp contrast to the gyrA gene for the closely related urogenital mycoplasma Ureaplasma spp. [20]. Comparative investigation of the gyrA gene for 51 Ureaplasma parvum, for which we had whole genome sequences, found a range of only 0–7 SNPs between all isolates (data not shown). What is notable from a phylogenetic standpoint is the distinct lack of interrelation between the resistant isolates, beyond the interrelatedness of induced resistance-linked isolates. This not only reiterates the highly variable nature of M. hominis as an organism, but also the variable nature of the resistance-determining polymorphisms we observe in resistant isolates. Antimicrobial resistance in M. hominis conferred via in vitro selection pressure is well documented [18]. However, the finding that pleiotropy observed between gyrA and parC does not seem to correlate with any sort of genomic interrelatedness means that the ability of M. hominis to develop fluoroquinolone resistance so rapidly could itself be considered a mechanism of resistance in tandem with the QRDR polymorphisms themselves.



The ability for previously susceptible variants of M. hominis to develop clinically relevant levels of resistance to fluoroquinolones demonstrates the need to expand our surveillance methodologies to include the capacity for identifying these potentially resistant variants before treatment is undertaken, to prevent resistance developing against one of the few therapeutics we have left to combat this pathogen.




4. Materials and Methods


With the exception of the M. hominis strains isolated in Havana, Cuba, the remaining strains were archived from previously published studies [16,17,26,27]. Recovery of frozen archived isolates was performed via resuspension in Mycoplasma Experience Limited (Reigate, UK) selective media. Plates sealed with clear adhesive film were incubated in a humidified chamber at 37 °C for up to 5 days. Cultures and plates were checked daily, with their growth recorded. Growth in broth culture was visualized as a yellow to red color change in the absence of turbidity.



Antimicrobial screening was performed as outlined by CLSI guidelines [13] as per previous publication [27,28]. Mycoplasma selective medium used for MIC determination via broth microdilution method was provided by CPM SAS (Rome, Italy). In total, 72 archived M. hominis strains were analyzed. Induction of fluoroquinolone resistance was performed similarly to the agar-based, single-step induction method described by Bebear et al. [18], except that our selection occurred in microbroth dilution conditions. CLSI guidelines require determination of susceptibility at a strict 24–48 h incubation point. However, by allowing incubation of the MIC plates a further 24–72 h beyond MIC determination, spontaneous color change was observed for wells of 4 mg/L for levofloxacin. Sub-culturing these isolates found they now had an MIC of 8 mg/L. However, this phenomenon was only observed for isolates that already had gyrA QRDR mutations.



Strains to be examined by whole-genome sequencing were grown in 30 mL of Mycoplasma selective medium, pelleted at 13,000× g for 3 h, and resuspended in 400 µL of sterile distilled water as the first step of DNA extraction using the Qiagen EZ1 Advanced XL automated extractor utilizing the EZ1 DSP virus kit, as per the manufacturer’s instructions. DNA yields were between 1 and 8 ng/mL (Qubit 4.0; ThermoFisher, Loughborough, UK). Genomic libraries were preparEd using Nextera XT v2 (Illumina, San Diego, CA, USA), with a bead-based normalization, following manufacturer guidelines. Paired-end WGS was performed on an Illumina MiSeq using the v3 chemistry to generate fragment lengths up to 300 bp (600 cycles). The bioinformatics’ pipeline used FastQC v0.11.8 and Trimgalore v0.5.0 [29,30] to validate and trim the raw sequence reads. The whole genome assembly and mapping pipeline consisted of Flash v1.2.11, SPAdes v3.12, BWA v0.7.17, pilon v1.23, and quast v5.0.0 [31,32,33]. Whole genome annotation and profiling of the genetic determinants of both fastq- and de novo-assembled reads was performed using prokka v1.14.0, NCBI BLAST, kmerfinder, CARD, srst2 v0.2.0, ARG-ANNOT, and VFDB [34]. The identification, annotation, and labelling of the QRDR and all SNPs (aligned and identified relative to ATCC 23114) was conducted using Geneious Prime software (Biomatters ltd. Auckland, New Zealand). The complete sequences of the gyrA, gyrB, parC and parE genes for all isolates examined are available in the Supplementary Materials.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antibiotics10111379/s1, Excel spreadsheet with 5 Tabs: (1. Metadata for isolates (year, location collected, patient type and any other general comments); 2. Complete gyrA gene sequence; 3. Complete gyrB gene sequence; 4. Complete parC gene sequence and 5. Complete parE gene sequence.
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Table A1. Amino acid variations present in the gyrA genes of all isolates analyzed in reference to ATCC 21134. CDS numbers in the QRDR and associated mutations are highlighted in red.






Table A1. Amino acid variations present in the gyrA genes of all isolates analyzed in reference to ATCC 21134. CDS numbers in the QRDR and associated mutations are highlighted in red.
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Table A2. Amino acid variations present in the gyrB genes of all isolates analyzed in reference to ATCC 21134.






Table A2. Amino acid variations present in the gyrB genes of all isolates analyzed in reference to ATCC 21134.
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Table A3. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134. CDS numbers in the QRDR and associated mutations are highlighted in red.






Table A3. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134. CDS numbers in the QRDR and associated mutations are highlighted in red.
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Table A4. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134.






Table A4. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134.
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Table A5. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134.






Table A5. Amino acid variations present in the parC genes of all isolates analyzed in reference to ATCC 21134.
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Table A6. Amino acid variations present in the parE genes of all isolates analyzed in reference to ATCC 21134.






Table A6. Amino acid variations present in the parE genes of all isolates analyzed in reference to ATCC 21134.





	
Isolate

	
CDS




	

	
57

	
71

	
107

	
122

	
128

	
182

	
218

	
237

	
249

	
252

	
278

	
309

	
326

	
334

	
371

	
387

	
417

	
468

	
523

	
546






	
ATCC 23114

	
N

	
V

	
A

	
V

	
K

	
P

	
D

	
I

	
E

	
L

	
T

	
S

	
E

	
T

	
S

	
K

	
V

	
A

	
N

	
L




	
ah3-20

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
ah3-28

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
ah3-36

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
AH58

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
AH116

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
F

	
R

	
I

	

	

	




	
CJ02

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
CJ05

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
CJ10

	

	

	

	

	

	

	

	

	
K

	

	

	

	

	

	

	
R

	
I

	

	

	




	
CJ12

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
CJ13

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
CJ20

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
I

	

	

	




	
CJ21

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
DF28

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
DF282R

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
DF284

	
S

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
DF289

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
DF290

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
DF307

	

	

	

	

	

	

	

	

	

	

	

	
L

	

	

	

	
R

	
I

	

	

	




	
JMM19

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
KF06

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
KF08

	

	

	

	

	

	
S

	

	

	

	

	

	

	
K

	

	

	
R

	
I

	

	

	
F




	
KF09

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
KF12

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
KF14

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
Leeds

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
M162b

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
M162e

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
M162j

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH05-1

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH05-13

	

	

	

	

	

	
S

	

	

	

	

	

	

	
K

	

	

	
R

	
I

	

	

	
F




	
MH05-14

	

	

	

	

	
R

	

	

	
F

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH06-01

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH06-11

	

	

	

	

	

	

	
N

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH06-12

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH08-5

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH10-04

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH10-09

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH10-15

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH11

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH12

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH12-3

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH12-9

	

	

	
T

	

	

	

	

	

	

	

	

	

	

	
M

	

	
R

	
I

	

	

	




	
MH13-04

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH13-5

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH13-7

	

	

	

	

	

	

	

	

	

	
S

	

	

	

	

	

	
R

	
I

	

	

	




	
MH15-03

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH17

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH18

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH20

	

	

	

	

	

	

	

	

	

	

	
A

	

	

	

	

	
R

	

	
V

	

	




	
MH21

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
MH23

	

	

	

	

	
R

	
S

	

	

	

	

	

	

	
K

	

	

	
R

	
I

	

	

	
F




	
MH26

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH27

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
MH28

	

	

	

	

	
R

	
S

	

	

	

	

	

	

	
K

	

	

	
R

	
I

	

	

	
F




	
MH43

	

	
I

	

	

	
R

	
S

	

	

	

	

	

	

	
K

	

	

	
R

	
I

	

	

	




	
N219

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
N281

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
N290

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
N348

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
PL5

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
S019M

	

	

	

	
A

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
S019M2R

	

	

	

	
A

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
S035M

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
S042

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
S048

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
S070

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	
S

	




	
S104

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
Sprott

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	

	

	

	




	
U006

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
U018

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	




	
U156

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
R

	
I

	

	

	











References


	



Plummer, E.L.; Vodstrcil, L.A.; Bodiyabadu, K.; Murray, G.L.; Doyle, M.; Latimer, R.L.; Fairley, C.K.; Payne, M.; Chow, E.P.F.; Garland, S.M.; et al. Are Mycoplasma hominis, Ureaplasma Urealyticum and Ureaplasma Parvum Associated with Specific Genital Symptoms and Clinical Signs in Nonpregnant Women? Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2021, 73, 659–668. [Google Scholar] [CrossRef]

	



Ma, C.; Du, J.; Dou, Y.; Chen, R.; Li, Y.; Zhao, L.; Liu, H.; Zhang, K. The Associations of Genital Mycoplasmas with Female Infertility and Adverse Pregnancy Outcomes: A Systematic Review and Meta-Analysis. Reprod. Sci. 2021, 28, 3013–3031. [Google Scholar] [CrossRef]

	



Nowbakht, C.; Edwards, A.R.; Rodriguez-Buritica, D.F.; Luce, A.M.; Doshi, P.B.; De Golovine, A.; Bynon, J.S.; Nigo, M. Two Cases of Fatal Hyperammonemia Syndrome Due to Mycoplasma hominis and Ureaplasma Urealyticum in Immunocompromised Patients Outside Lung Transplant Recipients. Open Forum Infect. Dis. 2019, 6, ofz033. [Google Scholar] [CrossRef]

	



Smibert, O.C.; Wilson, H.L.; Sohail, A.; Narayanasamy, S.; Schultz, M.B.; Ballard, S.A.; Kwong, J.C.; de Boer, J.; Morrissey, C.O.; Peleg, A.Y.; et al. Donor-Derived Mycoplasma hominis and an Apparent Cluster of M. hominis Cases in Solid Organ Transplant Recipients. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2017, 65, 1504–1508. [Google Scholar] [CrossRef] [PubMed]

	



Sampath, R.; Patel, R.; Cunningham, S.A.; Arif, S.; Daly, R.C.; Badley, A.D.; Wylam, M.E. Cardiothoracic Transplant Recipient Mycoplasma hominis: An Uncommon Infection with Probable Donor Transmission. EBioMedicine 2017, 19, 84–90. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, G.; Saigal, S.; Elongavan, A. Action and Resistance Mechanisms of Antibiotics: A Guide for Clinicians. J. Anaesthesiol. Clin. Pharmacol. 2017, 33, 300–305. [Google Scholar] [CrossRef] [PubMed]

	



Pereyre, S.; Gonzalez, P.; De Barbeyrac, B.; Darnige, A.; Renaudin, H.; Charron, A.; Raherison, S.; Bébéar, C.; Bébéar, C.M. Mutations in 23S RRNA Account 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, 3142–3150. [Google Scholar] [CrossRef]

	



Thai, T.; Salisbury, B.H.; Zito, P.M. Ciprofloxacin; StatPearls: Treasure Island, FL, USA, 2021. [Google Scholar]

	



van der Putten, B.C.L.; Remondini, D.; Pasquini, G.; Janes, V.A.; Matamoros, S.; Schultsz, C. Quantifying the Contribution of Four Resistance Mechanisms to Ciprofloxacin MIC in Escherichia Coli: A Systematic Review. J. Antimicrob. Chemother. 2019, 74, 298–310. [Google Scholar] [CrossRef]

	



Bébéar, C.M.; Renaudin, H.; Charron, A.; Bové, J.M.; Bébéar, C.; Renaudin, J. Alterations in Topoisomerase IV and DNA Gyrase in Quinolone-Resistant Mutants of Mycoplasma hominis Obtained In Vitro. Antimicrob. Agents Chemother. 1998, 42, 2304–2311. [Google Scholar] [CrossRef]

	



Bebear, C.C.M.; Bové, J.M.; Bebear, C.C.M.; Renaudin, J. Characterization of Mycoplasma hominis Mutations Involved in Resistance to Fluoroquinolones. Antimicrob. Agents Chemother. 1997, 41, 269–273. [Google Scholar] [CrossRef]

	



Zhang, H.; Zheng, L.; Zhao, J.; Ding, S.; Xia, Y. Investigation of Fluoroquinolone Resistance Mechanism in Mycoplasma hominis Isolated from Urogenital Samples in a Chinese Hospital. J. Med. Microbiol. 2019, 68, 206–210. [Google Scholar] [CrossRef]

	



Clinical and Laboratory Standards Institute. Methods for Antimicrobial Susceptibility Testing for Human Mycoplasmas; Approved Guideline; CLSI document M43-A; Clinical and Laboratory Standards Institute: Annapolis Junction, MD, USA, 2011. [Google Scholar]

	



Yang, T.; Pan, L.; Wu, N.; Wang, L.; Liu, Z.; Kong, Y.; Ruan, Z.; Xie, X.; Zhang, J. Antimicrobial Resistance in Clinical Ureaplasma spp. and Mycoplasma hominis and Structural Mechanisms Underlying Quinolone Resistance. Antimicrob. Agents Chemother. 2020, 64, e02560-19. [Google Scholar] [CrossRef]

	



Meygret, A.; Le Roy, C.; Renaudin, H.; Bébéar, C.; Pereyre, S. Tetracycline and Fluoroquinolone Resistance in Clinical Ureaplasma Spp. And Mycoplasma hominis Isolates in France between 2010 and 2015. J. Antimicrob. Chemother. 2018, 73, 2696–2703. [Google Scholar] [CrossRef] [PubMed]

	



Boostrom, I.; Bala, Y.; Vasic, J.M.; Gluvakov, J.; Chanard, E.; Barratt, A.H.; Sands, K.; Portal, E.; Devigne, L.; Jones, L.C.; et al. Evaluation of the MYCOPLASMA IST3 Urogenital Mycoplasma Assay in an International Multicentre Trial. J. Antimicrob. Chemother. 2021, dkab320. [Google Scholar] [CrossRef]

	



Morris, D.J.; Jones, L.C.; Davies, R.L.; Sands, K.; Portal, E.; Spiller, O.B. MYCO WELL D-ONE Detection of Ureaplasma Spp. and Mycoplasma hominis in Sexual Health Patients in Wales. Eur. J. Clin. Microbiol. Infect. Dis. 2020, 39, 2427–2440. [Google Scholar] [CrossRef] [PubMed]

	



Bebear, C.M.; Renaudin, J.; Charron, A.; Renaudin, H.; de Barbeyrac, B.; Schaeverbeke, T.; Bebear, C. Mutations in the GyrA, ParC, and ParE Genes Associated with Fluoroquinolone Resistance in Clinical Isolates of Mycoplasma hominis. Antimicrob. Agents Chemother. 1999, 43, 954–956. [Google Scholar] [CrossRef] [PubMed]

	



Guo, D.-X.X.; Hu, W.-J.J.; Wei, R.; Wang, H.; Xu, B.-P.P.; Zhou, W.; Ma, S.-J.J.; Huang, H.; Qin, X.-G.G.; Jiang, Y.; et al. Epidemiology and Mechanism of Drug Resistance of Mycoplasma Pneumoniae in Beijing, China: A Multicenter Study. Bosn. J. Basic Med. Sci. 2019, 19, 288–296. [Google Scholar] [CrossRef]

	



Beeton, M.L.; Chalker, V.J.; Kotecha, S.; Spiller, O.B. Comparison of Full GyrA, GyrB, ParC and ParE Gene Sequences between All Ureaplasma Parvum and Ureaplasma Urealyticum Serovars to Separate True Fluoroquinolone Antibiotic Resistance Mutations from Non-Resistance Polymorphism. J. Antimicrob. Chemother. 2009, 64, 529–538. [Google Scholar] [CrossRef] [PubMed]

	



Varon, E.; Janoir, C.; Kitzis, M.D.; Gutmann, L. ParC and GyrA May Be Interchangeable Initial Targets of Some Fluoroquinolones in Streptococcus Pneumoniae. Antimicrob. Agents Chemother. 1999, 43, 302–306. [Google Scholar] [CrossRef] [PubMed]

	



Esfahani, S.; Ahmadrajabi, R.; Mollaei, H.; Saffari, F. Co-Incidence of Type II Topoisomerase Mutations and Efflux Expression in High Fluoroquinolone Resistant Enterococcus Faecalis Isolated from Urinary Tract Infections. Infect. Drug Resist. 2020, 13, 553–559. [Google Scholar] [CrossRef]

	



Citti, C.; Dordet-Frisoni, E.; Nouvel, L.X.; Kuo, C.H.; Baranowski, E. Horizontal Gene Transfers in Mycoplasmas (Mollicutes). Curr. Issues Mol. Biol. 2018, 29, 3–22. [Google Scholar] [CrossRef]

	



Oliveira, P.H.; Touchon, M.; Cury, J.; Rocha, E.P.C. The Chromosomal Organization of Horizontal Gene Transfer in Bacteria. Nat. Commun. 2017, 8, 841. [Google Scholar] [CrossRef] [PubMed]

	



Boujemaa, S.; ben Allaya, A.; Mlik, B.; Mardassi, H.; ben Abdelmoumen Mardassi, B. Phylogenetics of Mycoplasma hominis Clinical Strains Associated with Gynecological Infections or Infertility as Disclosed by an Expanded Multilocus Sequence Typing Scheme. Sci. Rep. 2018, 8, 14854. [Google Scholar] [CrossRef] [PubMed]

	



Chalker, V.J.; Sharratt, M.G.; Rees, C.; Bell, O.H.; Portal, E.; Sands, K.; Payne, M.S.; Spiller, O.B. Tetracycline Resistance Mediated by Tet(M) Has Variable Integrative Conjugative Element Composition in Mycoplasma hominis Isolated in the United Kingdom from 2005–2015. Antimicrob. Agents Chemother. 2021, 65, e02513-20. [Google Scholar] [CrossRef] [PubMed]

	



Beeton, M.L.; Chalker, V.J.; Maxwell, N.C.; Kotecha, S.; Spiller, O.B. Concurrent Titration and Determination of Antibiotic Resistance in Ureaplasma Species with Identification of Novel Point Mutations in Genes Associated with Resistance. Antimicrob. Agents Chemother. 2009, 53, 2020–2027. [Google Scholar] [CrossRef] [PubMed]

	



Waites, K.B.; Duffy, L.B.; Bébéar, C.M.; Matlow, A.; Talkington, D.F.; Kenny, G.E.; Totten, P.A.; Bade, D.J.; Zheng, X.; Davidson, M.K.; et al. Standardized Methods and Quality Control Limits for Agar and Broth Microdilution Susceptibility Testing of Mycoplasma Pneumoniae, Mycoplasma hominis, and Ureaplasma Urealyticum. J. Clin. Microbiol. 2012, 50, 3542–3547. [Google Scholar] [CrossRef]

	



Krueger, F.; Babraham Bioinformatics. Trim Galore. Available online: https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/ (accessed on 4 November 2021).

	



Andrews, S. Babraham Bioinformatics-FastQC A Quality Control Tool for High Throughput Sequence Data. Soil 2019, 5, 47–81. [Google Scholar]

	



Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–1760. [Google Scholar] [CrossRef]

	



Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012, 19, 455–477. [Google Scholar] [CrossRef]

	



Walker, B.J.; Abeel, T.; Shea, T.; Priest, M.; Abouelliel, A.; Sakthikumar, S.; Cuomo, C.A.; Zeng, Q.; Wortman, J.; Young, S.K.; et al. Pilon: An Integrated Tool for Comprehensive Microbial Variant Detection and Genome Assembly Improvement. PLoS ONE 2014, 9, e112963. [Google Scholar] [CrossRef]

	



Seemann, T. Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 2014, 30, 2068–2069. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 10 01379 g001 550] 





Figure 1. The single nucleotide polymorphisms (SNPs) of gyrA and parC genes found in the QRDR regions of all strains analyzed. Orange lines represent functional mutations, while blue lines represent synonymous mutations. No functional mutations were found in the QRDR regions of gyrB or parE. 
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Figure 2. Minimum inhibitory concentration for M. hominis isolates for levofloxacin and moxifloxacin. Internationally agreed thresholds for resistance are shown as dotted lines and isolates above the line are resistant to the respective fluoroquinolones. Isolates with QRDR gyrA-only mutations are shown (S019M as red circles and DF28 as blue circles), and MICs for these isolates following one step induction of resistance, resulting in an additional QRDR parC mutation, are shown as colored squares (S019M2R as red squares and DF282R as blue squares). 
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Figure 3. A phylogenetic tree of 72 isolates analyzed (and two induced resistant strains linked by arrows), constructed via concatenations of all four topoisomerase genes (gyrA, gyrB, parC and parE). The outgroup used was Mycoplasma pneumoniae M129, listed on the tree under its accession number (NC000912). Naturally occurring resistant strains are identified by arrowheads. 
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Table 1. A summary of the ranges of SNP frequencies observed across the topoisomerase genes of each of the 72 isolates analyzed.
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	Gene
	Total SNPs
	Non-Synonymous SNPs





	gyrA
	25–97
	2–6



	gyrB
	1–34
	0–3



	parC
	3–63
	5–10



	parE
	14–62
	1–6
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