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Abstract

Horizontal Gene Transfer was long thought to be marginal in Mycoplasma a large group of

wall-less bacteria often portrayed as minimal cells because of their reduced genomes (ca.

0.5 to 2.0 Mb) and their limited metabolic pathways. This view was recently challenged by

the discovery of conjugative exchanges of large chromosomal fragments that equally

affected all parts of the chromosome via an unconventional mechanism, so that the whole

mycoplasma genome is potentially mobile. By combining next generation sequencing to

classical mating and evolutionary experiments, the current study further explored the contri-

bution and impact of this phenomenon on mycoplasma evolution and adaptation using the

fluoroquinolone enrofloxacin (Enro), for selective pressure and the ruminant pathogen

Mycoplasma agalactiae, as a model organism. For this purpose, we generated isogenic line-

ages that displayed different combination of spontaneous mutations in Enro target genes

(gyrA, gyrB, parC and parE) in association to gradual level of resistance to Enro. We then

tested whether these mutations can be acquired by a susceptible population via conjugative

chromosomal transfer knowing that, in our model organism, the 4 target genes are scattered

in three distinct and distant loci. Our data show that under antibiotic selective pressure, the

time scale of the mutational pathway leading to high-level of Enro resistance can be readily

compressed into a single conjugative step, in which several EnroR alleles were transferred

from resistant to susceptible mycoplasma cells. In addition to acting as an accelerator for

antimicrobial dissemination, mycoplasma chromosomal transfer reshuffled genomes

beyond expectations and created a mosaic of resistant sub-populations with unpredicted

and unrelated features. Our findings provide insights into the process that may drive evolu-

tion and adaptability of several pathogenic Mycoplasma spp. via an unconventional conju-

gative mechanism.
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Author summary

Genome downsizing is often viewed as a degenerative process of evolution. Such erosion

has left current mycoplasmas with a minimal genome: for some species its size barely

exceeds the amount of information needed for sustaining autonomous life. Despite such

limitations, these simple bacteria showcase a baffling capacity for adaptation to complex

environments such as that provided by the animal host. By using the enrofloxacin antibi-

otic as selective pressure, we performed a genome scale analysis of macro- and micro-

events leading to antimicrobial resistance in mycoplasmas. Sexually competent cells were

found to shortcut this process by using an unconventional mechanism of chromosomal

transfer driving massive exchanges of DNA materials. Remarkably, this powerful mecha-

nism was associated with a profound genomic reorganization that reshuffled parental fea-

tures and created mosaicism. This finding emphasizes the extraordinary adaptability of

some pathogenic Mycoplasma spp. and provides major insights into the processes that

contribute to shaping the evolution of their minimal genome. While unconventional

conjugative mechanisms are being documented in more complex bacteria, the reduced

mycoplasma genome may provide a simplified model to study mosaicism and its role in

bacterial evolution.

Introduction

Over the past decade, advances in metagenomics have uncovered the fascinating richness and

diversity of bacterial taxa. As free-living cells or as parasites, bacteria colonize an impressive

array of ecosystems, from those offering ideal conditions to those too extreme to support most

life forms. To better understand the forces that have shaped bacterial evolution, tremendous

efforts have been invested in decrypting their genomes. One main outcome is that our tradi-

tional view of bacterial clonality and species boundaries is currently being challenged by the

many facets of horizontal gene transfer (HGT), a key player of microbial diversification [1,2].

In this phenomenon, the role of mobile genetic elements (MGE) is central [3–6] and an

increasing number of reports suggests that the transfer of these might only represent the tip of

the iceberg [7–11]. Indeed, the conjugative transfer of large chromosomal fragments across

genomes and their subsequent recombination might be more prominent and complex than

first envisaged, with several new emerging mechanisms [7–11] that differ from the canonical

Hfr- (or oriT-based) transfers. These latter ones were initially described in Hfr strains of

Escherichia coli [12] and are initiated from an origin of transfer (oriT) integrated in the donor

chromosome. oriT-based transfers are characterized by a gradient, with genes closer to the

oriT being more reliably and more frequently transferred [13], mainly because of physical con-

straints applying on large molecules during transfer. Usually, in oriT-based transfers, a single

region of the chromosome is transferred and incorporated.

HGT was long thought to be marginal in Mycoplasma (class Mollicutes), a large group of

wall-less bacteria often portrayed as minimal cells because of their reduced genomes (ca. 0.5 to

2.0 Mb) and their limited metabolic pathways [14,15]. Despite this simplicity, several myco-

plasma species are important pathogens of human and a wide range of animals [15,16]. This

situation reflects our failure in providing efficient preventive and therapeutic strategies and is

due to the mycoplasma astonishing capacity to face the challenging host-environment, escape

the immune response and develop antimicrobial resistance (AMR) [14,17,18]. Mycoplasmas

live in close contact with their immunocompetent hosts on which they rely for nutrients and,

in these wall-less bacteria, several loci have been selected over the course of their evolution that
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generate surface diversity [17,19]. These encode for a broad range of molecules that are key in

host-interactions [17,20] and in escaping the host humoral response. The variation in expres-

sion and structure of these products relies on sophisticated genetic systems that combined

large gene repertoires with high frequency, stochastic mutations or specific-recombination. In

mycoplasmas, these systems account for extensive intra-clonal and inter-strains variability

[17]. More recently, comparative genomic studies have uncovered the occurrence of massive

HGT in between phylogenetically distant mycoplasma species, a phenomenon that may coun-

teract erosion of the reduced mycoplasma genome and account for genome plasticity [21,22].

This finding was further supported by experimental data showing the conjugative exchange of

large chromosomal fragments in Mycoplasma agalactiae, an important ruminant pathogen

and a model organism [9]. Congruent in silico and in vitro data further demonstrated that

these transfers equally affected all part of the chromosome via an unconventional mechanism,

so that the whole mycoplasma genome is potentially mobile. While this has been formally

demonstrated for M. agalactiae and M. bovis, increasing evidences point towards HGT also

occurring in other species such as in M. pulmonis [23], M. genitalium [24] and in other genera

of the class Mollicutes such as in Ureaplasma or Spiroplasma [25–28]. HGT may have tremen-

dous impact on the long and short-term evolution and adaptability of these minimal bacteria

but has yet to be explored. Using antibiotics as selective pressure would offer a powerful

approach for testing this question in vitro; at the same time understanding the emergence of

antibiotic resistance in pathogenic mycoplasmas is of primary importance for public health

[18,29].

The horizontal dissemination of MGE carrying AMR genes, within and across bacterial

species is one main determinant of the antibiotic crisis [30,31]. In mycoplasmas, the role of

HGT in acquiring AMR has long been ignored mainly because of (i) the paucity in MGEs and

the total lack of known conjugative plasmids that could disseminate AMR genes and (ii) the

scarcity of appropriate genetic tools which, combined to the mycoplasma fastidious culture

hampered testing the hypothesis under laboratory conditions. The main genetic pathway

described so far for the emergence of AMR in these organisms is the occurrence, selection and

fixation of chromosomal mutations in target genes [18,29]. For instance, mutations conferring

quinolone resistance have been reported in pathogenic mycoplasma species [32–34] as well as

in several other bacterial taxa [35,36]. Quinolones, an important class of antibiotics effective

on the wall-less mycoplasma cell, exert their antibacterial effect by preventing the DNA gyrase

and the topoisomerase IV from unwinding and duplicating DNA [37,38]. Mutations occurring

in genes encoding DNA gyrase subunits, gyrA and gyrB, and/or topoisomerase IV subunits,

parC and parE, result in structural changes in the respective enzyme that limit antibiotic fixa-

tion, with the QRDR (Quinolone Resistance Determining Region) of GyrA and ParC being

most often affected at key positions (amino acids 83 for GyrA and 80, 84 for ParC according to

E. coli numbering) [36].

In this study, we experimentally explored the impact of conjugative chromosomal transfer

on mycoplasma evolution and adaptation using a fluoroquinolone, the enrofloxacin (Enro), as

selective pressure and M. agalactiae, as a model organism. For this purpose, we first generated

spontaneous isogenic mutants displaying different combination of mutations in gyrA, gyrB,

parC and parE together with various level of resistance to Enro. We then tested whether these

mutations can be acquired by a susceptible population via conjugative chromosomal transfer

knowing that in several Mycoplasma spp., including our model organism, the 4 target genes

are located in distinct chromosomal loci; in M. agalactiae these are separated by at least 250

kb, with parE and parC being part of a same operon. Under antibiotic selective pressure, spon-

taneous mutants emerged stepwise following a similar pathway with HGT acting as an evolu-

tionary accelerator that reshuffled genomes and created a mosaic of resistant sub-populations
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with unpredicted and unrelated features. Our findings provide insights into the process that

may drive evolution and adaptability of several pathogenic mycoplasma species and bring into

the light an unconventional conjugative mechanism.

Results

Selection of spontaneous mycoplasma mutants, highly resistant to

enrofloxacin

Prior to testing the impact of Mycoplasma Chromosomal Transfer (MCT) on AMR acquisi-

tion (see below), we analysed the evolutionary pathway leading to high resistance to enrofloxa-

cin (Enro) in a set of spontaneous mutants derived from PG2 55–5. For this purpose, six

lineages namely MF26 and MF29 to MF33 (Fig 1), were generated by rounds of single-colony

bottleneck selection on solid medium containing stepwise concentrations of Enro (0.5 to

32 μg�ml-1, with a two-fold step interval). At each step, single colonies were picked and ana-

lysed as described in Materials and Methods. Overall, 22 individual isogenic clones with MIC

(Minimal Inhibitory Concentration) values ranging from 1 to 64 μg�ml-1 were selected and

their parE-, parC-, gyrA- and gyrB-QRDR (Quinolone Resistance Determining Region) [39,40]

were sequenced, directly from the chromosome.

Sequence data revealed the occurrence of 1 to 3 single-point mutations in each of the 22

EnroR clones (Fig 1), with a total of 11 SNPs (Single Nucleotide Polymorphisms) detected in

Fig 1. Accumulation of mutations in the QRDR of parE, parC, gyrA and gyrB correlates with the increase in the level of resistance to enrofloxacin

in M. agalactiae. Isogenic lineages composed of mutants with increasing level of resistance to Enro were generated using the M. agalactiae parental

clone, PG2 55–5 (NC_009497.1). Within each isogenic lineage, the mutant’s relationships are indicated with black arrows on the left side. Amino-acid

changes in QRDR regions of parE, parC, gyrA, and gyrB are indicated according to E. coli numbering along with their corresponding codons in which

the mutated nucleotides are underlined. �: amino acid belonging to the QRDR; -: Identical to the parental PG2 55–5.●: mutants further subjected to

whole-genome sequencing. The enrofloxacin concentration is given in μg.mL-1.

https://doi.org/10.1371/journal.pgen.1007910.g001
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distinct positions, none being silent. All had at least one mutation within parC which always

corresponded to a transition, C>T or G>A, and resulted in amino-acid changes at codon 80

and/or 84 of the QRDR (further designated parC80 and parC84, respectively). In 68% of the

mutants, an additional point mutation was present in gyrA that also resulted in codon change

within the QRDR, most often at codon 83 and in some cases, at codon 87 or 81 (further desig-

nated gyrA83, gyrA87 and gyrA81, respectively). Finally, additional mutations were occasionally

found in parE and gyrB, affecting the canonical QRDR only in mutants MF29-1-3-6 and

MF31-1, in parE codon 420 (parE420) and gyrB codon 426 (gyrB426), respectively (Fig 1).

Within each lineage, the MIC value was shown to increase over the stepwise selection pro-

cess together with the number of accumulated mutations. This is illustrated in Fig 1, with for

instance the MF26 lineage acquiring a new mutation at each round of selection, in parC, gyrA
and then parE, concomitantly to a MIC increase from 1 to 32 μg�mL-1. This pattern was

observed for all lineages, with a few cases of one-step MIC increase that were not linked to

an additional mutation in the sequenced regions (Fig 1, MF30-1>MF30-1-4 and MF29-

1>MF29-1-3).

Overall, EnroR mutations accumulate following a common pathway, emerging first in parC,

then in gyrA (or for MF31 in gyrB) and last in parE. From these data, the contribution of parE
mutations did not seem as critical towards resistance as those occurring in parC and gyrA,

some mutants having a high MIC value and no parE mutation (see for instance MF30-1-4-1).

Passaging of PG2 55–5 in broth medium containing increasing concentration of Enro,

without intermediate rounds of sub-cloning onto solid medium, resulted in a selected PG2E10

population having a MIC of 64 μg�ml-1 and 3 SNPs located in parC80, parC84 and gyrA83, as in

MF30-1-4-1, MF30-1-4-8 and MF29-1-3-1 (Fig 1).

Mutations conferring increasing resistance to enrofloxacin preferentially

accumulate in type II topoisomerase genes

Some discrepancies between the number of mutations and the MIC values (see above) raised

the question of whether the level of resistance may be modulated by mutations occurring out-

side the QRDR regions. To address this issue, the genome of 13 clones belonging to 3 indepen-

dent and representative lineages (MF26, MF33, and MF30) was fully sequenced by Illumina

with a mean coverage of 3100X. SNPs and indels were identified by variant calling analyses

using the PG2 55–5 parent clone as reference (Fig 2). For 6 mutants (MF33, MF30, MF33-1,

MF30-1-4, MF30-1-4-1, and MF30-1-4-8), WGS (Whole Genome Sequencing) data revealed

the occurrence of the SNPs parE86, parE112, parC291, parC547, gyrB29 and gyrB278 (S2 Table) in

the 3 target genes; these SNPs are located outside the region previously sequenced with the

Sanger method and thus are outside the QRDR. Data also suggested that gyrB mutations found

in MF30 and MF33 lineages may have a negative impact on the further selection of highly

resistant mutants. Indeed, the gyrB29 and gyrB218 mutations were only detected in the foun-

ders, MF33 and MF30. Reversion of these mutations in progenies coincided with the emer-

gence of mutations in gyrA which ones were further transmitted under increasing antibiotic

pressure, a series of events that may reflect an epistatic phenomenon. As well, the reversion of

parC291 and parC547 mutations in MF30 lineage was accompanied by the appearance in more

resistant progenies of new mutations in parC and parE. Overall, these abrupt changes may be

due to the constraints imposed by the interdependence of gyrA and gyrB or parE and parC
subunits in forming a functional DNA gyrase or topoisomerase IV, respectively, that will best

withstand the antibiotic pressure. A few mutations (SNPs and indels) were also detected out-

side of the classical quinolone target genes (Fig 2 and S2 Table), with most occurring in homo-

polymeric tracts that are known as being prone to high frequency insertion-deletion [17]. For
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instance, nt-707306 and/or nt-711627 both underwent a C deletion within a polyC of the so-

called spma locus which encode phase variable membrane proteins [41]. As well, the MF33-1-

1 and -1-2 siblings both contained sub-populations displaying a large number of SNPs (14 and

11) within the highly variable vpma locus [42]. Overall, sequenced genomes contained from 3

to 23 mutations, with a mean of 10.2 ± 5.8 mutations, with approximately half being fixed in

the population (present in�95% of the reads).

In parallel, the genome of the EnroR PG2E10 was analysed and a total of 8 mutations were

detected, 3 fixed and 5 non-fixed (present in <95% of the reads and further refer as polymor-

phic sites), when compared to the parental strain (Fig 2 and S2 Table). As expected, 3 SNPs

were found in the Enro target genes, parC80, parC84, gyrA83, and an additional one was

detected in parE112, outside of the QRDR initially sequenced by Sanger (see above). Among

the 3 studied lineages, this combination of 4 SNPs was only found in MF30-1-4-1 and MF30-

1-4-8, which MIC of 64 μg�ml-1 is identical to that of PG2E10. The other 4 mutations occurred

outside the target genes and correspond to either highly variable loci (see above) or to muta-

tions occurring only in minor subpopulations (polymorphic sites). Based on competition fit-

ness assays, these mutations did not appear to impose a cost on the PG2E10 fitness

(w = 1.03 ± 0.10) when compared to PG2 55–5 parent (see Materials and methods).

Horizontal chromosomal transfer of multiple, distant EnroR-mutations

accelerates AMR dissemination

Our hypothesis is that horizontal conjugative chromosomal transfer may act as a driving force

of mycoplasma short-term evolution. With this in mind, we tested whether multiple, distant

chromosomal EnroR point-mutations can be simultaneously transferred by HGT from a resis-

tant to a susceptible strain and further selected in presence of the antimicrobial. For this pur-

pose, two independent mating experiments (T5 and T6) were performed using as donor the

EnroR PG2E10 mutant (see above) which displayed the highest MIC (64 μg.ml-1) but the small-

est number of fixed mutations (see Fig 2 and S2 Table). As recipient, we choose the 5632G3

clone previously derived from the EnroS 5632 strain (MIC = 0.125 μg.mL-1) and in which the

Fig 2. Whole genome analysis of spontaneous M. agalactiae EnroR mutants. Nature and localisation of mutations detected in genomes of

EnroR mutants. Genomes are represented by horizontal grey rectangles starting on the left by the origin of replication. Mutations (SNPs and

indels) are indicated by vertical lines in comparison to the reference PG2 55–5 genome (NC_009497.1). Black arrows on the left side indicate the

parental relationships within each isogenic lineage, with the enrofloxacin MIC indicated in μg.mL-1. Fixed mutations (� 95% of reads) are

represented by coloured lines (synonymous SNP in violet, non-synonymous SNP in pink and indel in green) and grey lines represent non-fixed

mutations (< 95% of reads). Genes impacted by fixed mutations are indicated below, by their Genbank locus tag, or gene name when defined.

Enrofloxacin target genes and variable loci are underlined in orange and blue, respectively. The total number of mutations for each mutant

(fixed mutations in black, non-fixed in grey) is depicted by a diagram on the right side.

https://doi.org/10.1371/journal.pgen.1007910.g002
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gentamicin-resistance marker (Gm) is stably inserted as a proxy [9] (see Materials and meth-

ods) (Fig 3A). Transconjugants were selected on solid media containing 50 μg�mL-1 of genta-

micin in addition to Enro at concentrations ranging from 0.25 to 8 μg�mL-1 (equal to 2 to 64

fold the MIC 5632G3). Repeated attempts consistently yielded transconjugants colonies on

solid medium containing 0.25 μg�mL-1 of Enro (except for T5-5 obtained at 0.5 μg�mL-1) with

a low frequency ranging from 2.7.10−11 to 7.2.10−8 transconjugants per donor-CFU, depending

on the 5632G3:PG2E10 initial ratio (1:10 or 10:1, respectively, see Materials and methods).

A total of 18 individual transconjugants were then picked and subjected to a series of PCR

assays. These targeted the Gm marker and 11 distant loci that are distributed around the

genome and discriminate 5632 from PG2 (S1 Fig, S1 Table). Of these, 8 were previously

described [9] and 3 were specifically designed in this study to distinguish PG2-parC, -gyrA and

-gyrB from their 5632 counterparts. PCR data indicated that the transconjugant genotypes

were a composite of PG2 and 5632 genomes (S1 Fig) except for T6-7 which was further shown

by sequencing to have a chimeric gyrA (see below). They further designated 5632G3 as the

recipient chromosome, with a majority of the PCR products being 5632-specific and the Gm

marker constantly detected at the same position, as in the parent. This finding was in agree-

ment with our previous data showing that chromosomal transfers always occurred from PG2

(donor) to 5632 (recipient) [9]. Overall, 10 distinct PCR profiles were observed, with several

transconjugants sharing identical profiles (S1 Fig).

Whole Genome Sequencing (WGS) by Illumina was performed with a subset of 13 trans-

conjugants that were selected (i) to represent each of the 10 PCR profiles identified above and

(ii) to include transconjugants with identical PCR profiles that were generated during inde-

pendent (T5-4 and T6-1) or during the same (T6-4, -8, -9) mating experiments. Sequence data

confirmed that all displayed the 5632G3 chromosome as genetic background designating the

corresponding strain as the recipient (Fig 3A). Further analyses demonstrated the systematic

transfer of PG2E10 donor remote Enro target-genes containing (i) the mutated parE/parC
operon (10/13 transconjugants) together with either the mutated-gyrA or the wild-type gyrB
(wt) or (ii) the mutated gyrA alone (3/13) (Fig 3A). A close-up image of these regions is

depicted in Fig 3A and shows that two fixed mutations, corresponding to parC80 and/or

gyrA83, were always associated to the transfer. Of note, the chimeric structure of T6-7 gyrA
explains the PCR result obtained above (S1 Fig).

Of the 13 transconjugants analysed, 10 had received parE sequences from the donor. One,

T5-2, had acquired two mutations that were pre-existing in PG2E10 sub-populations (92% and

60% of the reads, respectively), parE112 and parC84. The remaining 9 transconjugants displayed

one mutation in parE, not previously detected in the donor, that was either (i) an insertion of 3

nt resulting in adding an Ala residue at codon 390 or (ii) a non-synonymous SNP correspond-

ing to codon 423 or 625. At least, mutations corresponding to codons 390 and 423 were

independently confirmed by direct genome sequencing. Whether the occurrence of these

mutations in some transconjugants reflects the heterogeneity of the PG2E10 donor population,

with sub-populations being selected here, or whether they have arisen independently after

transfer is not known. Of note, T5-2 parC and T6-5 gyrA were more chimeric than in other

transconjugants as if multiple recombination events have occurred to produce mosaic genes

composed of 5632 and PG2 intermingled sequences (Fig 4A).

Interestingly, none of the transconjugants accumulated all 4 SNPs described for the PG2E10

in the Enro target genes. As well, none reached the 64 μg�mL-1 MIC of the PG2E10 parental

strain but their individual MIC value that ranged from 0.5 to 32 μg�mL-1 (Fig 4A) was always

higher than the concentration used for selection (0.25 μg�mL-1). More specifically, transconju-

gants having concomitantly acquired the two distant PG2E10 loci containing the mutated

parE-parC and the mutated gyrA had the highest MIC (16 μg�mL-1 to 32 μg�mL-1). In T5-1 and

Genome reshuffling by horizontal chromosomal transfer in mycoplasma
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Fig 3. Mycoplasma transconjugant genomes and relative fitness. (A) Mating experiments were conducted using the EnroR

PG2E10 as donor and, the EnroS, gentamicin-tagged 5632G3 as recipient. Individual transconjugants were selected on solid media

containing enrofloxacin and gentamicin and their genomes further sequenced by Illumina (see Materials and methods). Parental

and transconjugant genomes are represented as concentric circles with PG2E10- and 5632G3-specific sequences indicated in

orange and blue, respectively. The location of the gentamicin resistance marker (Gm) and of the Enro target genes parE, parC,

Genome reshuffling by horizontal chromosomal transfer in mycoplasma
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gyrA and gyrB are shown on the periphery, with vertical black lines indicating the position of mutations relative to PG2 55–5.

ICE relative positions in the 5632 genome are indicated by blue arrows. Strains and transconjugants are from inner to outer

circle: PG2E10, T6-7, T6-3, T6-10, T6-1, T5-4, T6-4/8/9, T5-5, T6-5, T5-3, T5-1, T5-2 and 5632G3. (B) Transconjugants relative

fitness (w) compared to the 5632G3 recipient strain is represented by histogram bars. The table summarizes the w values, the

enrofloxacin MIC (in μg.mL-1), the number of PG2E10 fragments and the percentage of donor genome for each transconjugant.

The percentage of donor genome was estimated by the total size of the PG2E10 transferred fragments divided by the size of the

PG2E10 genome.

https://doi.org/10.1371/journal.pgen.1007910.g003

Fig 4. Comparison of parE, parC, gyrA and gyrB gene sequences in transconjugants and in EnroR mutants. (A) Schematic representing the

4 Enro target genes (parE, parC, gyrA and gyrB) in the 13 transconjugants analysed in Fig 2. Their coding sequences are represented by an open

arrow with the dark blue box correspond to the QRDR. The enrofloxacin MIC values are indicated in μg.mL-1. PG2- and 5632-specific

sequences are represented in orange and blue, respectively. Mutations are indicated in black (fixed mutations) or yellow (non-fixed mutations)

and their corresponding amino-acid positions are indicated based on E. coli numbering. Mutations not detected in the PG2E10 donor strain are

indicated by a star. (B) Schematic representing the 4 Enro target genes parE, parC, gyrA and gyrB (as above) of two spontaneous mutants

(MF33-1-1 and PG2E10) and two transconjugants, (T5-1 and T5-5) after serial propagation in broth culture without selective pressure. P0, P10

and P40 correspond to passages 0, 10 and 40 in the absence of enrofloxacin selection pressure, with P10 and P40 corresponding to

approximately 165 and 605 generations respectively.

https://doi.org/10.1371/journal.pgen.1007910.g004
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T5-2 that displayed the lowest MIC value (0.5 μg�mL-1), the mutated parE-parC were co-trans-

ferred with the wild-type PG2E10-gyrB instead of the mutated PG2E10-gyrA. Since donor and

recipient gyrB allelic sequences differ slightly, this event introduced amino acid changes in

GyrB when compared to the parental 5632-background (S5 Table). PCR genotyping indicates

that this same combination was also observed in T6-2, a transconjugant derived from the same

partner but in an independent mating experiment (see S1 Fig). Finally, it is interesting to note

that the co-transfer of the PG2E10 mutated-gyrA and its wt-gyrB was never observed. In agree-

ment with data obtained with the spontaneous mutants, the transfer of mutated-donor gyrA
only was not sufficient to confer the recipient strain with the EnroR phenotype.

Overall, mutations conferring resistance to Enro with MIC values ranging from 16–32 μg.

mL-1 could be acquired by a susceptible population within one mating experiment via HGT,

while reaching the same levels of EnroR MIC through spontaneous mutations would have

required approximately 100 generations and multiple passages under selective pressure.

Antimicrobial selection drives the emergence of unrelated genotypes via

unconventional HGT

The co-transfer of multiple loci and the possible occurrence of additional macro- and micro-

heterogeneities were addressed in the 13 sequenced transconjugants. Reconstruction of the

composite-genomes was performed as previously described with some minor modifications

[9] (see Materials and methods). Briefly, reads generated by NGS (Next Generation Sequenc-

ing) were mapped onto the 5632 and PG2 reference genomes and reads perfectly matching to

one or the other genome were retained. Analyses of the reconstructed genomes and more spe-

cifically of the PG2 inherited sequences confirmed that other fragments, unrelated to topo-

isomerase genes carrying EnroR mutations, were also exchanged (Fig 3A and S2 Fig). This

resulted in complex mosaic genomes, containing an average of 18 ± 7 PG2E10 fragments (Fig

3B) which size varied from 77 bp to 53429 bp. All transconjugants display distinct patterns of

transferred fragments, except for 3, which had strictly identical genome sequences (S2 Fig).

These clones, namely T6-4, -8 and -9, were all selected from the same mating experiment and

are most likely the result of the expansion of a single transconjugant as all were shown to be fit-

ter than the parent or than other transconjugants produced during the same mating (i. e. T6-5

and T6-1) (Fig 3B). Competitive culture assays also indicated that there was no correlation

between the number of fragments or the overall DNA amount that was exchanged and the fit-

ness level (Fig 3B), with some combinations imposing a fitness cost while other conferring a

fitness benefit.

Overall, the most frequently transferred regions were clustered within 20 kb around the

selective EnroR determinants, but distant loci were also exchanged in all transconjugants. This

suggested that multiple events of genomic replacements by recombination have occurred

simultaneously. Although the PG2 and 5632 genomes are highly syntenic, some genes or

regions are only present in one strain. Thus, in some cases, replacement of 5632 recipient

genome by a PG2 fragment resulted in the loss or in the gain of strain-specific genes. On aver-

age, 13 ± 11 5632-specific genes were lost for 6 ± 4 PG2-specific genes that were gained (S3

Table). One extreme case of replacement resulted in the deletion of a large region (ca. 22

genes, 27 Kb) which contained an integrated conjugative element (ICE) specific to 5632 and

not present in PG2 [43]. This was observed in T5-2, T5-5, T6-1 and T6-7 transconjugants (Fig

3A, S3 Table) where the loss of the 22 genes was not due to the ICE excision but to recombina-

tion events occurring at homologous sites on each side of the ICE.

In addition, micro-complexity events were observed, with transconjugants displaying short

PG2-inherited fragments (180 ± 29 nt) that were defined by only one or two PG2-specific
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variations (SNPs or indels), and/or the occurrence within PG2-inherited fragments of short

5632 fragments defined by one or two 5632-specific variations.

Overall, chromosomal exchanges by recombination of large or small fragments were shown

to often occur within a coding sequence, resulting in chimeric PG2/5632 genes as illustrated

above for parC and gyrA. On average 20 ± 7 genes were mosaic to various degrees, for each

transconjugant.

In vitro multiplication without selection pressure reveals fine-mutational

tuning

To evaluate the stability of the EnroR spontaneous mutants and transconjugants in absence of

selective pressure, two different spontaneous mutants, namely, MF33-1-1 (MIC = 32 μg�mL-1)

and PG2E10 (MIC = 64 μg�mL-1), and two different transconjugants T5-1 (MIC = 0.5 μg�ml-1)

and T5-5 (MIC = 16 μg�mL-1), were submitted to serial passages in broth medium 40 times

(P0 to P40). WGS was performed with DNA extracted at P10 and P40 that correspond to

approximately 165 and 605 generations, respectively (see Materials and methods). Based on

comparative analysis, the genomes of the 2 mutants and the 2 transconjugants were remark-

ably stable over this period, in agreement with the overall stability of their MIC over passages

(Fig 4B and S4 Table).

Interestingly, the two non-fixed mutations pre-existing in PG2E10 parE and parC, respec-

tively, gradually faded in favour of the wildtype (Fig 4B): one was detected in parE112 in 92%,

30% and 0% of the reads and the other in parC84 in 60%, 27% and 0% of the reads, at P0, P10

and P40 respectively. Concomitantly, an indel emerged in parE390 at P10 (66%) and P40 (93%)

that resulted in the insertion of an Ala residue. Interestingly, this same insertion occurred in 3

transconjugants: T5-1, T5-3 and T6-5, in which it was fixed. As shown in Fig 4A, the absence

of mutation in parC84 in all but one transconjugant coincides with the presence of mutations

in parE. Altogether, these data suggested that mutations in parC might have a slight fitness

cost that tended to be compensated over passages by the introduction of mutations in parE,

the functional partner of parC. Of note, other polymorphic sites were observed elsewhere in

the genome during passages. In particular, MF33-1-1 with 9 polymorphic sites at P10, dis-

played the highest number of non-fixed mutations (excluding those in vpma locus) most of

which (6/9) being lost at P40 (S4 Table).

We then investigated the fitness of the two mutants and two transconjugants over passages

in broth medium. Data presented in Fig 5 indicated that mutants MF33-1-1 and PG2E10 dis-

played a fitness similar to that of the PG2 55–5 ancestor (P0) that remained stable over pas-

sages (P10 and P40). In contrast, the fitness of transconjugants T5-1 and T5-5 at P0 was

reduced by 30 to 20%, respectively and increased over successive passaging to reach 120 and

100% when compared to the recipient strain, 5632G3. WGS showed that a few different, poly-

morphic sites accumulate over passages in both the mutants and the transconjugants, without

any obvious link to fitness (see S4 Table).

Discussion

Over the past decade, HGT has increasingly attracted attention and is now recognized as a

main driver of microbial innovation, with conjugation as one prominent mechanism

[2,44,45]. Yet, knowledge regarding the mechanisms and impacts of HGT in mycoplasmas is

very limited, with only a few publications dedicated to this topic [9,21–23]. By combining next

generation sequencing to classical mating and evolutionary experiments, this study uncovered

the role of an unconventional mechanism of HGT in generating mosaic genomes in M. agalac-
tiae. Under evolutionary experimental conditions, this phenomenon acted as an accelerator of
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AMR dissemination by providing susceptible mycoplasma cells with the ability to rapidly

acquire, from pre-existing resistant populations, multiple chromosomal loci carrying AMR

mutations.

In M. agalactiae, high-level of Enro resistance can be reached via the emergence of sponta-

neous chromosomal mutations during propagation with increasing concentrations of the anti-

microbial, as shown for other Mycoplasma species [32,34,46]. The comparison of several,

independent lineages indicates that these mutations accumulate following a similar trajectory:

first in parC resulting in a 8 to 16-fold increase in resistance, followed by additional mutations

in gyrA to reach up to 128-fold increase. Higher resistance levels (up to 500-fold) were further

achieved by combining either two mutations in parC with one in gyrA or, one mutation in

each with one or more mutations in parE. WGS data further showed that only very few other

mutations were selected and fixed outside of these genes, none that could account for the resis-

tance phenotypes. Whether these played a role in counterbalancing a potential fitness cost dur-

ing the selection process is not known but mutations in type II topoisomerase genes had no

effect on PG2E10 fitness in vitro when compared to the ancestor strain (w = 1.03 ± 0.10). Over-

all, accumulation of fixed mutations in type II topoisomerase genes and high levels of resis-

tance were reached over several weeks of propagation, after approximately 200 or 100

generations depending on whether selection was performed with or without bottleneck selec-

tion, respectively. A limited number of reports addressed evolutionary trajectories of fluoro-

quinolones resistance in bacteria and each identified species-specific mutational trajectories

with identical target-site mutations emerging in different order [47–49]. In M. agalactiae, the

convergent outcome of parallel independent experiments strongly suggested intermolecular

Fig 5. Relative fitness of mutants MF33-1-1 and PG2E10 and of transconjugants T5-1 and T5-5 over passages. The relative fitness (w) of mutants

and transconjugants versus their ancestor strain, respectively, PG2 55–5 and 5632G3 was defined by pairwise competition assays (see Materials and

methods). P0, P10 and P40 correspond to passages 0, 10 and 40 in the absence of enrofloxacin selection pressure, with P10 and P40 corresponding

to approximately 165 and 605 generations respectively. At least three replicates were performed for each assay; the mean value and the standard

deviation (SD) are indicated on the graph.

https://doi.org/10.1371/journal.pgen.1007910.g005
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epistatic interactions between DNA topoisomerases in the mechanism of fluoroquinolone

resistance.

The time scale of the mutational pathway leading to high-level of Enro resistance could be

compressed into a single mating experiment, in which EnroR alleles were co-transferred from

resistant to susceptible mycoplasma cells. Such event required the physical contact and a form

of sexual competence of the pair [5,9], as well as one partner being already highly resistant.

Independent mating experiments generated progenies with chimeric genomes made of the

5632-recipient chromosome in which sequences of the resistant PG2E10-donor were trans-

ferred and recombined at homologous loci. Under the antimicrobial selective pressure, all

transconjugants displayed the mutated parE-parC operon or/and the mutated gyrA of the

donor, but resistance per se (from 4 up to 250-fold-increase in resistance) was reached only

when both mutated loci were co-transferred. These data are in agreement with conclusions

drawn from the analyses of co-evolved lineages (see above): alteration of both the topoisomer-

ase IV and the DNA gyrase subunit A is critical for mycoplasmas’ quinolones resistance.

Mutations not previously detected in neither of the parents even as a minor population,

were observed in the transconjugants having acquired parE-parC donor sequences (corre-

sponding to parE390, parE423 and parE625) (Fig 4A). The mutation affecting parE390 is also

emerging in the donor strain after 40 serial passages in medium without Enro (Fig 4B), raising

the question of whether parE mutations (i) were pre-existing in the parent population at unde-

tectable levels and were preferentially selected after mating or (ii) occurred de novo during or

just after mating. It is interesting to note that in the donor strain, while the parE390 mutation

emerged over passages, the mutations parE112 and parC84 were conversely being replaced by

wild type (wt) sequences. Whether parE390 is being beneficial to the transconjugants in the

context of the experiment, either towards resistance or fitness, is not known.

Surprisingly, none of the selected transconjugants reached the MIC of the donor, most

likely because none displayed the exact combination of parE-parC and gyrA mutations found

in the predominant PG2E10 population. Whether such transconjugants did arise during mat-

ing but were outcompeted by others is one possible explanation. An interesting observation is

that all transconjugants carried the mutated gyrA or the wt-gyrB of the donor, none having

inherited both genes from a single parent. While the two strains, 5632 and PG2, encode very

similar GyrA and GyrB products these are not strictly identical, with 99.2 and 98.6% identity

respectively (S5 Table). Since the DNA gyrase is composed of two GyrA and two GyrB sub-

units, all transconjugants expressed a modified version when compared to that of the recipient

cell prior to mating. Whether this provided an advantage in the context of our experiment, or

whether it reflects an epistatic phenomenon [50,51] remains to be addressed.

The most unexpected outcome of this study was the extent of combinatorial variation

obtained after mating. Mycoplasma Chromosomal Transfer (MCT) was initially shown to dif-

fer from classical Hfr- or oriT-mediated transfer in that it affects nearly every position of the

genome with equal efficiency [9]. Because NGS data had been obtained using pools of trans-

conjugants, MCT was then thought to be limited to the transfer of one or two proximate loci

in between two cells. Here, analyses of individual transconjugants revealed a much complex

picture with the simultaneous transfer of small and large fragments distributed around the

genome (Fig 3A). Indeed, this phenomenon created within a single step a set of totally new

genomes that were a combinatorial blend of the two parents. Thanks to the significant differ-

ences in genome sequence existing between the two parental strains (average 1 variation every

26 nt), transconjugant genomes could be reconstructed with a high level of precision, revealing

that besides the gain and loss of entire genes, MCT also generated chimeric genes. Overall,

MCT affected from 6 to 17% of the genome regardless of whether these encoded housekeeping

or accessory gene functions.
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An average of 18 donor-fragments co-exists in the new transconjugant genomes, of which

only 2 carried the selectable EnroR mutations. This implies (i) that a large amount of unrelated

fragments silently co-transferred along with the selectable marker, some of which may confer

the cell with new, yet unpredictable phenotypes and (ii) that a large proportion of mosaic

genomes have not been selected and that most likely, the combinatorial possibilities of conju-

gative MCT are endless. Because MCT introduces variation instantly, one limitation of this

phenomenon is the viability and adaptability rate of the resulting chimeric cells. Although

both parents are of the same species, the overall success of the transconjugants depends on

how well the donor and new chimeric genes interact with the remaining recipient’s genes in a

particular environment [52]. For a few generations, the cell may have to cope with multimeric

enzymes or products which sub-units are not of a perfect match depending of the protein

turn-over of the recipient cell. To a lower extent, this situation resembles genome transplanta-

tion used to engineer mycoplasmas and thus faced a number of similar issues [53]. Although

several transconjugants turned out to be highly resistant to Enro, their initial selection could

only be achieved in low concentration of Enro (0.25 μg.mL-1). This raised the question of

whether growth on selective media was impaired because of the low turnover of recipient wt

GyrA/ParC or because of a synergistic effect of the Enro with the gentamicin used for selecting

transconjugants.

Incorporating large amount of incoming donor DNA had a fitness cost for most transcon-

jugants but not all. Surprisingly, this was counterbalanced after a few passages in media with

even one transconjugant ending with a higher fitness than the recipient or the donor cell. In

contrast, passaging had no effect on the fitness of EnroR spontaneous mutants derived from

the donor (Fig 5) suggesting that new genome configurations may require a certain period of

time for fine-tuning. In search for compensatory mutations, comparative analyses of WGS

before and after passages were conducted that indicated the emergence of subpopulations with

an overall low number of mutations, none of which could explain the improved fitness. Quan-

tifying pathogen fitness in its entire life cycle is not trivial [54] and whether transconjugants

selected in this study perform better than their parents in the animal host remains to be

addressed.

Clues on the impacts of MCT were provided by our earlier in silico work that revealed mas-

sive HGT in between phylogenetically distant ruminant Mycoplasma spp. [55]. Loci that were

exchanged in M. agalactiae accounted for 18% of its genome and often encompassed gene

cluster with highly conserved organisation that were distributed around the genome [55].

Rather than successive independent HGT events, this picture might reflect the concomitant

transfers of multiple unrelated fragments during mating. Within the ruminant host, M. agalac-
tiae and some members of the M. mycoides cluster are often re-isolated from a same organ

where they co-habit [14], a prerequisite to conjugative transfers. Throughout the process of

infection, these populations have to face a series of bottlenecks applied by the host-response

and the host-hostile environment. The mycoplasma minimal cell may be particularly vulnera-

ble to the deleterious effect of Muller’s ratchet due to its limited genetic content and lack in

DNA repair components. MCT may provide these organisms with a means to rescue their

injured genomes by restoring deleted or inactivated genes. Yet, the repertoire of mosaic

genomes produced in the host is likely to be limited by a low MCT frequency, although some

parameters such as stress may trigger the phenomenon, and the viability of the chimeric

genomes within the hostile host-environment.

While sharing the same ecological niche is an obvious facilitator of HGT, MCT was shown

in M. agalactiae to rely on ICE, most likely because these conjugative transfers being depen-

dent on the ICE-encoded conjugal pore [3,5,9]. Although ICE occurrence varies among strains

of a same species [25,56], conserved ICE-elements have been detected in about 50% of the
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mycoplasma species with sequenced genome [25] suggesting that MCT might not be restricted

to ruminant mycoplasmas but may occur in species that colonize man and swine. Horizontal

chromosomal transfers that do not conform to the canonical Hfr- (or oriT-based) model are

increasingly being reported [7,8,57,58] and mosaic genomes were recently described in Myco-
bacterium smegmatis as the result of Distributive Conjugative Transfer (DCT) [52]. As for

MCT, the exact molecular mechanism driving these events remains to be fully elucidated.

Overall, our study unravelled the astonishing capacity of MCT to generate unlimited

genome diversity. While this process may contribute to counteract the erosion of the small

mycoplasma genome [59], it can also rapidly promote the mycoplasma short-term adaptability

to changing environment. Our findings reinforce the central role played by HGT in promoting

evolutionary adaptation but also challenge our view on the boundaries of bacterial species and

on our capacity in predicting the emergence of new phenotypes.

Materials and methods

Bacterial strains and culture conditions

The PG2 clone 55–5 [57] and 5632 clone C1 [41], further referred as PG2 and 5632 for simplic-

ity, were previously derived from the PG2 and the 5632 strains of Mycoplasma agalactiae
respectively. The 5632 gentamicin-resistant clone (5632G3), designated as 5632G-3 in previous

publication [9], was obtained by stable insertion at nucleotide 919899 of the gentamicin-resis-

tance gene, aacA-aphD [9]. All strains were propagated at 37˚C in SP4 medium [60] supple-

mented with 5 mM pyruvic acid (Sigma-Aldrich) and 45 μg.mL-1 cefquinome (cobactan 4.5%,

MSD Animal Health) and, when needed, with enrofloxacin (Sigma-Aldrich) and/or gentami-

cin (Sigma-Aldrich) at specified concentrations.

Based on CFU counts taken at different times of the exponential growth phase, the doubling

time (or generation time, G) of M. agalactiae PG2 55–5 was calculated to be equal to 3.3 ± 0.14

hours per generation (ca. 7.2 generations per 24h). The number of generations needed to gen-

erate the mutants and the transconjugants was estimated using this value as reference multi-

plied by their time of growth in broth medium only (the number of generations needed for a

single cell to form a colony was not taken into account).

Selection of spontaneous enrofloxacin-resistant clones under selective

antibiotic pressure

Mycoplasma PG2 55–5 cells from a 1 mL of mid-exponential culture were centrifuged for 15

min at 8000 g at room temperature and re-suspended in SP4 medium containing 0.5 μg.mL-1

enrofloxacin. After 48h, 10 μL cultures of 108 to 109 CFU.mL-1 were plated on SP4 agar plates

with increasing enrofloxacin concentrations (0.5 to 2 μg.mL-1). Colonies were only obtained

on plates containing 0.5 μg.mL-1 enrofloxacin. They were picked and propagated in SP4 broth

medium with the same antimicrobial concentration. This represented the first step of selection

used in this study and constituted the basis of the lineages. One to 3 additional rounds of selec-

tion were similarly performed with increasing concentration of enrofloxacin (ranging from 0.5

to 32 μg.mL-1), with colonies growing on the highest concentration being picked and subjected

to the next round. A total of 108 clones were obtained, among which 22 clones corresponding

to 6 lineages were analysed. In parallel, PG2 55–5 cultures (108 to 109 CFU.mL-1) were propa-

gated by serial passaging (dilution 1/50 or 1/100), in broth medium containing increasing

enrofloxacin concentration (0.25, 0.5, 1 and 10 μg.mL-1) to generate the resistant PG2E10

population.
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Characterisation of spontaneous enrofloxacin-resistant mutants

Mutations in Quinolone Resistance Determining Region (QRDR) sequences of the target

genes were identified by direct sequencing using the BigDye Terminator chemistry [61,62]

and by whole genome sequencing. Direct sequencing of genomic DNA was performed at the

genomic platform of Get-Purpan (Toulouse, France) using primers listed in S1 Table and

genomic DNA extracted with chloroform, as previously described [63]. Of note, amino-acid

positions of type II topoisomerases were numbered according to the Escherichia coli K-12

strain nomenclature, GyrA (AAC75291.1), GyrB (AAT48201.1), ParC (AAC76055.1) and

ParE (AAA69198.1).

Selection of enrofloxacin-resistant transconjugants by mating

Mating experiments were performed as previously described [5]. Briefly, the donor strain

(PG2E10) and the recipient strain (5632G3) were grown individually in SP4 medium, during 24

h. The two cultures were mixed at a 5632G3:PG2E10 cell ratio of 1:10 for one experiment (T5)

and 10:1 for the second (T6) and then centrifuged for 5 min at 8000 g at room temperature.

Cells were re-suspended in SP4 medium, incubated during 16 h at 37˚C and an aliquot of

300μl was plated in SP4 agar containing gentamicin (50 μg.mL-1) and different enrofloxacin

concentrations (from 0.25 to 8 μg.mL-1). After several days of incubation at 37˚C, single colo-

nies were picked from plates with the highest antibiotic concentration before being propagated

in SP4 liquid medium with the same concentration of enrofloxacin. Of note, colonies were

only observed on solid media containing 0.25 μg.mL-1 of enrofloxacin, with the exception of

one transconjugant, T5-5, which grew at 0.5 μg.mL-1. Mating experiments using PG2 55–5

(EnroS) and 5632G3 were used as negative control, to test the absence of enrofloxacin sponta-

neous resistant clones. The frequency of transconjugants was determined as the number of

transconjugants, divided by the number of PG2E10 donor parental cells.

Characterisation of potential transconjugants by PCR

PG2- or 5632-specific PCR assays were used to determine the parental origin of 11 genomic

loci across the transconjugant genomes (S1 Table). Of these, 8 were previously described [9]

and 3 were specifically designed for this study that targeted parC, gyrA and gyrB. PCR assays

were conducted using genomic DNA extracted with the chloroform method [63] and primers

listed in S1 Table. The presence and position of the 5632G3-specific gentamicin resistance

marker (Gm) was confirmed by a specific PCR using one primer inside the marker and the

other in the flanking chromosomal sequence (S1 Table). All PCR amplifications were per-

formed according to the recommendations of the Taq DNA polymerase suppliers (M0267S,

New England Biolabs).

Determination of the enrofloxacin Minimum Inhibitory Concentrations

(MICs)

The enrofloxacin MICs were determined according to the recommendation of Hannan 2000

[64] using the agar dilution method as previously described [32]. Briefly, 1 μL of each clone

diluted to 104−105 CFU.mL-1 was spotted on agar plates containing serial two-fold dilution of

enrofloxacin (from 0.0625 to 64 μg.mL-1). MIC assays were performed in triplicates for each

clone, and the median value was retained. The MIC was defined as the lowest concentration of

enrofloxacin that prevented visible growth after 5 days at 37˚C while, in parallel 30 to 300 CFU

were observed on the antimicrobial-free control plate. Based on Hannan 2000 [64], we consid-

ered in this study isolates with MIC of�0.5 μg.mL-1 as susceptible (EnroS) while MIC�1 μg.
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mL-1 and�2 μg.mL-1 corresponded to intermediate and resistant isolates (EnroR). Here, iso-

lates with MIC�16 μg.mL-1 were further referred as being highly resistant.

Fitness competition assays

A pairwise competition assay was performed to estimate the relative fitness of evolved strains

versus their ancestor (i. e. transconjugants versus 5632G3 or spontaneous mutants versus PG2

55–5). For each pair, the evolved and the ancestor clones were mixed in SP4 medium at a 1:1 cell

ratio (104 CFU.mL-1). Serial dilutions of the starting (0h, T0) and final (18h, T18) co-cultures

were plated on SP4 plates containing none or 4 μg.mL-1 of enrofloxacin. After 5 days at 37˚C, the

number of CFU was determined for the ancestor and the evolved clones. Fitness of each clone

relative to its ancestor was calculated according to the equation: w = Fitness evolved/ancestor = ln

(evolved at T18/evolved at T0)/ln(ancestor at T18/ancestor at T0) [65,66]. Concerning the fitness

of EnroS GentaR transconjugants with MIC�0.5 μg.mL-1, selection onto enrofloxacin solid

media was obviously not feasible. These were then performed using 5632 as the ancestor and the

gentamicin as selective antimicrobial (50 μg.mL-1). Their fitness ratio was then corrected by mul-

tiplying by 1.17, a value equal to the fitness ratio of 5632 versus 5632G3. At least three replicates

were performed for each assay and the mean value and the standard deviation (SD) were calcu-

lated. A value of 1 indicated a fitness of the evolved strain similar to the ancestor (5632G3 or PG2

55–5), a ratio lesser than 1 or greater than 1 indicated a fitness-cost or -benefit for the evolved

strain, respectively.

Illumina whole genome sequencing and bioinformatic analyses

Genomic DNA was extracted from mycoplasma cells using the phenol-chloroform method

[67]. Whole genome sequencing was performed at the GATC Biotech facility (Konstanz, Ger-

many) using Illumina technology HiSeq (paired-end, 2x150 bp). An average of 2x107 reads by

mutants or transconjugants was obtained, corresponding to an average of 3100X for coverage

depth. One exception is the PG2E10 population that was sequenced by the Genome-Transcrip-

tome facility of Bordeaux (France) using HiSeq (paired-end, 2x100 bp, 1.6x107 reads, coverage

1700X). All bioinformatics analyses were performed using the galaxy platform hosted by Gen-

otoul, Toulouse, France (bioinfo.genotoul.fr) and default parameters unless specified (see

workflow S6 Table). The reads of each clone (fastq file) were mapped on the reference genome

M. agalactiae PG2 (NC_009497.1) or 5632 (NC_013948.1), using Burrows-Wheeler Aligner

(BWA, MEM algorithms, Galaxy version 0.8.0) [68]. The quality of the alignments was con-

trolled with Qualimap 2.2.1 [69]. Calling variant analyses were performed using successively

RealignerTargetCreator, IndelRealigner, PrintReads and HaplotypeCaller of GATK3 (Galaxy

version 3.5.0) for SNPs and indels detection [70]. Variations with a quality lower than 10000

were excluded (Filter VCF file tool, Galaxy Version 1.0.0). Variations were considered as (i)

fixed when present in�95% of the reads or (ii) non-fixed when present in <95% of the reads,

as a result of coexisting sub-populations [71]. The percentage of each variation was calculated

using the ratio AD/DP (AD: Allelic depths for the reference and alternative alleles; DP:

Approximate read depth) provided by GATK. Alignments (bam file) and variations (vcf file)

were visualized using the Integrative Genome Viewer (IGV 2.3.93) [72], Artemis 16.0.0 [73]

and ACT 13.0.0 [74]. Reconstruction of the composite genome of transconjugants (PG2/5632)

was possible because of the frequent polymorphisms existing between PG2 and 5632, on aver-

age 1 variation every 26 nt calculated using Nucmer [75] (S2 Fig). This was performed by PG2

specific reads detection as follows: transconjugants reads were aligned on the 5632 genome,

reads with mismatch were recovered (select lines tool, Galaxy version 1.0.1) and these reads

were then aligned on the PG2 genome. Only reads with no mismatch and regions with a
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coverage higher than 15 reads were conserved. These mapped reads, corresponding to PG2

transferred regions, were manually curated using Artemis (S2 Fig, S6 Table). This consisted in

removing (i) false-positive fragments (also present in the negative control 5632G3), (ii) the

vpma and hsd gene families which ones spontaneously undergo high-frequency, intraclonal

recombination in propagating population [41] and (iii) fragments having no SNPs based on

Bam files. Of note, the absence of contaminations between DNA libraries was ensured by (i)

treating separate DNA batches, (ii) by matching PCR genotyping with sequence data (S1 Fig)

and (iii) by independent Sanger sequencing of regions containing mutations detected by WGS

in quinolone target genes.

Supporting information

S1 Fig. Mapping of the transferred loci in transconjugants as defined by PCR and by WGS.

(PDF)

S2 Fig. Compiled sequence reads and alignment of the transconjugants and the two paren-

tal strains, PG2E10 and 5632G3, to the PG2 55–5 reference genome.

(PDF)

S1 Table. Primers used for Sanger sequencing and PCR assays.

(XLSX)

S2 Table. List of mutations detected in EnroR mutants.

(XLSX)

S3 Table. List of acquired and lost genes in transconjugants.

(XLSX)

S4 Table. List of mutations in EnroR mutants and transconjugants at P0, P10 and P40.

(XLSX)

S5 Table. Variations in enrofloxacin target enzyme between PG2 and 5632 strains.

(XLSX)

S6 Table. Galaxy workflows for variant analyses and for reconstructing transconjugant

genomes.

(XLSX)

S7 Table. European Nucleotide Archive (EMBL-EBI) accession numbers.

(XLSX)

Acknowledgments

We are grateful to the Genotoul bioinformatics platform, Toulouse Midi-Pyrenees, France,

and the Sigenae group for providing support and storage resources. We would like to thank Dr

Pascal Sirand-Pugnet, University of Bordeaux, France, for providing assistance in sequencing

PG2E10 and for helpful discussion. We also thank Agnès Tricot and Adélie Colin, ANSES,
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3. Baranowski E, Dordet-Frisoni E, Sagné E, Hygonenq M-C, Pretre G, Claverol S, et al. The Integrative

Conjugative Element (ICE) of Mycoplasma agalactiae: Key Elements Involved in Horizontal Dissemina-

tion and Influence of Coresident ICEs. mBio. 2018; 9. https://doi.org/10.1128/mBio.00873-18 PMID:

29970462
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