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Abstract 

Background: Conjugative plasmids play a major role in the dissemination of antibiotic resistance genes. Knowledge 
of the plasmid characteristics and behaviour can allow development of control strategies. Here we focus on the IncX 
group of plasmids carrying genes conferring quinolone resistance (PMQR), reporting their transfer and persistence 
within host bacteria of various genotypes under distinct conditions and levels of induced stress in form of tempera-
ture change and various concentrations of ciprofloxacin supplementation.

Methods: Complete nucleotide sequences were determined for eight qnr-carrying IncX-type plasmids, of IncX1 
(3), IncX2 (3) and a hybrid IncX1-2 (2) types, recovered from Escherichia coli of various origins. This data was com-
pared with further complete sequences of IncX1 and IncX2 plasmids carrying qnr genes (n = 41) retrieved from 
GenBank and phylogenetic tree was constructed. Representatives of IncX1 (pHP2) and IncX2 (p194) and their qnrS 
knockout mutants, were studied for influence of induced stress and genetic background on conjugative transfer and 
maintenance.

Results: A high level of IncX core-genome similarity was found in plasmids of animal, environmental and clinical ori-
gin. Significant differences were found between the individual IncX plasmids, with IncX1 subgroup plasmids showing 
higher conjugative transfer rates than IncX2 plasmids. Knockout of qnr modified transfer frequency of both plasmids. 
Two stresses applied simultaneously were needed to affect transfer rate of wildtype plasmids, whereas a single stress 
was sufficient to affect the IncX ΔqnrS plasmids. The conjugative transfer was shown to be biased towards the host 
phylogenetic proximity. A long-term cultivation experiment pointed out the persistence of IncX plasmids in the 
antibiotic-free environment.

Conclusions: The study indicated the stimulating effect of ciprofloxacin supplementation on the plasmid trans-
fer that can be nullified by the carriage of a single PMQR gene. The findings present the significant properties and 
behaviour of IncX plasmids carrying antibiotic resistance genes that are likely to play a role in their dissemination and 
stability in bacterial populations.
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Introduction
The continuous spread of antimicrobial resistance (AMR) 
represents one of the world’s most pressing public health 
problems. Recent surveillance studies demonstrate that 
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resistance rates continue to increase, particularly, the 
emergence of quinolone resistance rises exponentially 
within Escherichia coli infections [1, 2]. Horizontal gene 
transfer of mobile genetic elements, especially plasmids, 
plays a major role in the dissemination of AMR [3]. Vari-
ous plasmid-mediated quinolone resistance (PMQR) 
genes including different qnr families (qnrA, qnrB, qnrC, 
qnrD, qnrE, qnrS and qnrVC), aac(6′)-Ib-cr, crpP and 
genes encoding quinolone efflux pumps (qepA, oqxAB 
and qacBIII) have been described [4]. The PMQR genes 
are harboured by a broad spectrum of plasmids including 
IncX-type plasmids [5].

IncX plasmids have a narrow spectrum of hosts (E. 
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, 
Salmonella enterica) and currently have eight subgroups 
(IncX1—IncX8) identified via replicon typing [6]. This 
incompatibility group of plasmids contains iterons and 
core genes of the backbone which are responsible for 
replication (pir), partitioning (par), pilus synthesis (pil), 
conjugation (tax) [6]. Apart from PMQR, a great variety 
of other AMR mechanisms such as extended-spectrum 
β-lactamases (ESBL), AmpC-type β-lactamases, car-
bapenemases and more recently colistin resistance were 
described to be linked with this plasmid family [7].

The spread of AMR within the bacterial populations is 
predominantly mediated by conjugation and is known to 
be affected by antibiotic supplementation causing SOS 
response and overexpression of certain genes [8–10]. 
Conjugation rate can also be altered not only by antibiot-
ics but by the physiological state of bacterial cells before 
conjugation. Therefore, the effect of temperature change 
to lower temperatures is assumed to have influence on 
the transfer rate [11]. Lower temperatures habitually 
occur in environmental reservoirs of antibiotic resistant 
bacteria, such as wastewater.

Many other aspects may play a distinct role in the 
complex system of the conjugative process. Recent stud-
ies suggested that bacterial hosts of similar phylogenetic 
background may significantly promote plasmid transfer 
rate and thus directly enhance the spread of antibiotic 
resistance within the bacterial population [12]. In addi-
tion plasmid stability is known to play an integral part in 
the overall success of plasmid transfer and the rampant 
spread of AMR [13]. The effects of the host’s internal 
environment on the plasmid transfer regulation also con-
tribute, however only a few plasmids of limited clinical 
interest have been studied [14].

The investigation presented here is a follow-up study 
on the previous work of Dobiasova and Dolejska (2016) 
in which we identified several IncX1 and IncX2 plas-
mid sublineages widely distributed in non-related E. coli 
from various sources and geographical areas. The aim of 
this investigation was to further understand the factors 
which influence their successful transfer through a series 
of conjugation assays under various conditions comple-
mented by the detailed genomic analysis of complete 
nucleotide sequences of various IncX sublineages plas-
mids via whole genomic sequencing.

Materials and methods
IncX plasmids
The eight plasmids from IncX1 and IncX2 subgroups 
carrying qnr gene originated from a diverse set of E. coli 
isolates of various sources (Table 1). These plasmids were 
subjected to sequencing and complete plasmid struc-
ture reconstruction. Plasmid selection was based on the 
data obtained by Dobiasova and Dolejska (2016) and 
representatives of the dominant plasmid lineages were 
detected in E. coli isolates. One representative plasmid 
from each subgroup, pHP2 from IncX1 and p194 from 

Table 1 Characteristics of eight IncX plasmids recovered from various sources

a CZ stands for Czech Republic, AUS stands for Australia, ES stands for Spain and SK for Slovakia
b Frequency of transfer was calculated as the number of transconjugants per the number of donors (T/D)
c WWTP stands for wastewater treatment plant

Plasmid Inc PMQR ARG Source Countrya Size (bp) GenBank no Frequency 
of  transferb

Standard deviation

pHP2 X1 qnrS1 blaTEM-1B Rook CZ 47.686 MH121702 2.32 ×  10–2 6.06 ×  10–3

pCE780h4 X1 qnrS1 blaTEM-1B, tet(A), floR WWTPc CZ 60.848 MT859330 3.79 ×  10–2 6.15 ×  10–3

pCE1551 X1 qnrS1 blaTEM-1B, sul3, floR, aadA1 Gull AUS 56.495 MT859328 3.62 ×  10–2 1.23 ×  10–2

pCE1594 X1-X2 qnrS1 blaTEM-176, aph(3’)-Ia Gull AUS 43.897 MT859327 3.48 ×  10–7 1.31 ×  10–7

pHE40 X1-X2 qnrS1 tet(M), blaTEM-1B, aadA2 Rook ES 45.484 MT859326 3.26 ×  10–7 1.19 ×  10–7

p194 X2 qnrS1 tet(A) Mallard CZ 39.584 MH121703 1.04 ×  10–4 2.39 ×  10–5

p615cip X2 qnrB19 - Dog SK 31.584 MT859325 5.24 ×  10–4 4.00 ×  10–4

pHP103 X2 qnrS2 dfrA14 Rook CZ 36.516 MT859324 3.53 ×  10–4 1.78 ×  10–4
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IncX2, were further used for mating assays and plasmid 
stability experiments.

Plasmid sequencing
IncX plasmids were introduced into plasmid-free 
Escherichia coli TOP10 (Invitrogen™, USA) by chemi-
cal transformation and transformants were selected on 
Luria–Bertani (LB) agar (Difco, France) plates supple-
mented with ciprofloxacin (0.05 µg/mL). Plasmid transfer 
was confirmed by PCR assays for qnrS and taxC genes as 
well as by S1-nuclease pulsed-field gel electrophoresis. 
Plasmid DNA was extracted from corresponding single 
plasmid-carrying E. coli TOP10 transformants or original 
E. coli MT102 transconjugants obtained from previous 
study [15] using Invitrogen PureLink Plasmid Midiprep 
Kit (Thermo Fisher Scientific, Massachusetts). Plasmids 
pHP2 and p194 were sequenced by 454 pyrosequencing 
technology by Roche (Roche 454, Branford, USA). For 
the remaining plasmids, libraries were prepared using 
Nextera XT Library Preparation Kit (Illumina Inc., San 
Diego, CA, USA) according to manufacturer’s instruc-
tions and consequently 2 × 251  bp pair-end sequenced 
using Illumina MiSeq platform (Illumina Inc.). Moreo-
ver, plasmid pHP103 that failed to be closed by Illumina 
sequencing was also sequenced using MinION platform 
[Oxford Nanopore Technologies (ONT) Ltd., Oxford, 
England] using 1D Ligation Barcoding Kit and R9.4 flow 
cell in order to provide long reads as a scaffolding for 
consequent hybrid assembly.

Data analysis and plasmid assembly
Plasmids sequenced on Roche’s 454 pyrosequencer were 
assembled automatically by the Roche Newbler assem-
bly software 2.3 (Roche 454). The raw reads from Illu-
mina MiSeq platform were low-quality (Q ≥ 20) ends 
and adaptor residues trimmed using Trimmomatic 
v0.36 [16] and assembled using SPAdes 3.11.0 [17] with 
“–careful” remark. The fast5 data from ONT MinION 
platform were base-called, demultiplexed and converted 
to fastq format using Albacore v2.0.2 (ONT) and adap-
tor trimmed using Porechop v0.2.2 [18]. The leftover 
chromosomal reads were filtered out by mapping the 
reads on the E. coli TOP10 chromosome using BWA-
MEM algorithm [19, 20]. The fastq files and trimmed 
short reads of pHP103 were then used to perform a 
hybrid assembly using Unicycler v0.4.0 [21]. The short 
reads were then mapped to the resulting consensus and 
manually checked and corrected of indels. The over-
laps confirming circular conformation of plasmids were 
verified using PCR and Sanger sequencing. For plasmids 
pHP2 and p194, which were sequenced by 454 pyrose-
quencing technology, homopolymer regions differing 
in length between pHP2 and plasmid 0228 (CP012734), 

and between p194 and RCS81_p (LT985317), respec-
tively, were verified using PCR and Sanger sequenc-
ing. Complete circular sequences were annotated using 
Geneious software v9.0.5 (Biomatters, Auckland, New 
Zealand) in accordance with annotation style of previ-
ous studies [22].

In silico and phylogenetic analyses
The Basic Local Alignment Search Tool (BLAST) 
search was performed (August 10, 2020) using Megab-
last option in Geneious v9.0.5 (Biomatters, Auck-
land, New Zealand) to search for complete plasmid 
sequences using alignment of IncX1 and IncX2 replicon 
sequences as a query. From the total of 208 sequences, 
49 sequences (including 8 from this study) carrying 
qnr gene were selected based on the occurrence of qnr 
gene and IncX replicon. The open reading frames of the 
acquired sequences were predicted using Prokka v1.13 
[23]. In order to determine the core- and pangenome, 
annotated gff files were then used as an input for multi-
sequence alignment using Roary [24] with minimum 
percentage identity of 60%. A phylogenetic tree was 
constructed using GTR CAT  model in RAxML v8.2.4 
[25] and visualized in iTOL tool [26]. Comparisons of 
circular and linear plasmid sequences were performed 
using BLAST Ring Image Generator (BRIG v0.95) [27] 
and Clinker v0.0.13 [28], respectively.

Frequency of IncX plasmid transfer
In order to determine the conjugation rate of IncX 
plasmids, each of all eight featured plasmids was trans-
formed into E. coli TOP10 and transformants were 
used as donor cells for mating assays. Donor mid-expo-
nential phase culture  (OD600 = 0.7—0.8) and overnight 
culture of recipient E. coli A15  (OD600 > 1.5), 500 µl of 
each, were centrifuged at 5.000 rpm for 2 min and pel-
lets were washed-out of antibiotics by LB broth. Donor 
and recipient cultures were mixed (ratio of cells 1:2) 
and centrifuged again and the pellet was resuspended 
in 50 µl of LB broth. Mixed cultures were co-incubated 
on sterile 0.22  µm bacteriological filter on LB agar 
plate for 1 h at 37 °C. Similarly, donor mid-exponential 
phase culture alone was simultaneously incubated and 
served as a control of donor growth. Donor cells were 
selected and colony counted on LB agar plates supple-
mented with ciprofloxacin (0.05  µg/mL). Transcon-
jugants were selected and colony counted on LB agar 
plates supplemented with ciprofloxacin (0.05  µg/mL) 
and sodium azide (100  µg/mL). Mating assays were 
performed in triplicates. Transconjugant colonies (4 
per sample) were confirmed by PCR assays for PMQR 
and taxC genes [29]. Frequency of plasmid transfer 
was calculated as the number of transconjugants per 
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the number of donors (T/D). For statistical analysis 
the conjugation frequencies were tested with Student’s 
T-test, and a p value < 0.05 was considered statistically 
significant.

Preparation of plasmid mutants with knockout of qnrS 
gene
In order to determine the influence of qnrS gene on plas-
mid transfer, the pHP2 and p194 plasmids within E. coli 
TOP10 were subjected to qnrS gene knockout by 15  bp 
insertion using Mutation Generation System Kit with 
MuA Transposase (Thermo Fisher Scientific, Massa-
chusetts) according to the manufacturer instructions. 
Created plasmid mutant libraries were additionally incu-
bated on LB plates with ciprofloxacin (0.05  µg/mL) and 
on LB plates without antibiotics. Negative growth on 
LB plates with ciprofloxacin determined the knockout 
of qnrS gene. Plasmid mutants were confirmed by PCR 
assays as described above while mutants with knockout 
in qnrS gene were negative for qnrS gene and positive for 
taxC gene.

Transferability of pHP2 and p194 and their ΔqnrS variants 
under stress
In order to determine the effect of environmental stress 
and occurrence of qnrS gene on frequency of plasmid 
transfer, the mating assays were conducted using the 
protocol as described above with changes in selection 
markers for ΔqnrS plasmid donors and their transcon-
jugants due to their susceptibility to ciprofloxacin (Sup-
plementary Table S1). Additionally, the plasmid transfer 
assays were conducted at 25 °C and 37 °C in combination 
with ciprofloxacin in concentration of 0, 0.001, 0.05, 0.5 
and 2 µg/mL supplemented into the mating agar plates. 
Every viable combination of the conjugation assays was 
performed with strains carrying the plasmid and their 
ΔqnrS variants, therefore pHP2, pHP2 ΔqnrS, p194 and 
p194 ΔqnrS. E.  coli TOP10 served as a donor whereas 
sodium azide resistant E. coli A15 served as a recipient. 
The experiment was performed all in accordance with 
the experimental design defined in the Supplementary 
Table S1.

Effect of bacterial background divergence on plasmid 
transferability
Mating assays to determine the influence of bacterial 
background were conducted at 37  °C with E. coli ST10 
(TOP10, A15) strains and E. coli ST127 (UPEC536) and 
E. coli ST131 strains serving variably as donors and 
recipients. Experiment was performed to examine the 
frequency of transfer between genetically closely and 
distantly related strains (Supplementary Table S2). Indi-
vidual mating conditions with representative plasmids 

pHP2 and p194 are defined in the Supplementary 
Table S3.

In order to ensure uniform bacterial background used 
for the mating assays and to maintain proper detection, 
the recipient cells were marked with plasmid pBGC [30]. 
Plasmid pBGC carrying gfp and catA1 genes was trans-
ferred to recipient E. coli A15, UPEC536 and ST131 
cells via electroporation under the following conditions: 
1.8 kV, 200 Ω, 25 µFar. Transformants were selected on 
LB agar with sodium azide (100  µg/mL) and chloram-
phenicol (30 µg/mL). Successful transformation was veri-
fied via detection of the gfp gene by PCR assay [30].

Plasmid persistence
All strains of E. coli transformants and transconjugants 
with plasmids pHP2, pHP2 ΔqnrS, p194 or p194 ΔqnrS 
were inoculated into antibiotic-free LB broth and culti-
vated for five days in order to test their maintenance. The 
50 µL of each culture strain were daily reinoculated into 
50 mL of fresh LB media, serially diluted and plated on LB 
agar in order to acquire 100—200 colonies per plate. One 
hundred colonies were randomly selected from every plate 
and replica plated simultaneously onto antibiotic-free and 
ciprofloxacin-supplemented (0.05  µg/mL) LB agar plates. 
In order to detect strains with ΔqnrS mutant plasmids, 
ampicillin (100 µg/mL) or tetracycline (20 µg/mL) supple-
mented plates were used for pHP2 ΔqnrS or p194 ΔqnrS, 
respectively. Bacterial growth on the antibiotic-free plate 
but not on the antibiotic-supplemented plate would deter-
mine the loss of the plasmid of interest. All in accordance 
with the previously established protocol [31].

Results
Complete nucleotide sequences of IncX1 and IncX2 
plasmids and their hybrids
The IncX1 and IncX2 plasmids were distinguished based 
on archetype plasmid R6K [32]. In this study, we describe 
complete plasmid sequences of three IncX1 and three 
IncX2 qnr-encoding plasmids. Moreover, we bring com-
plete plasmid sequences of two IncX1-2 hybrid plasmids.

IncX1 plasmids pHP2, pCE780h4 and pCE1551 shared 
well conserved backbone with a typical core gene set 
(pir, bis, par, hns, topB, pilX, actX and taxA-C) for rep-
lication, stability, and conjugal transfer (Fig. 1). They all 
carried the qnrS1 gene associated with ISKpn19. Plasmid 
pHP2 shared highest sequence identity (100% cover-
age and 99.98% identity) with plasmid 0228 (CP012734) 
originating from human Shigella flexneri isolate from 
China (Fig.  2). Plasmid pHP2 was also highly similar 
with plasmids found in human S. flexneri isolates from 
China (KJ201886 and CP020088) [33] and with pEQ2 
(KF362122) plasmid of horse origin from the Czech 
Republic, which is a well described IncX1-HI1 fusion 
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plasmid [34]. Plasmids pCE780h4 and pCE1551 shared 
highest coverage (83% and 76%, respectively) and identity 
(both 100%) with pHP2.

All IncX2 plasmids from this study had a typical back-
bone of R6K IncX2 plasmid [35] including genes for rep-
lication, partitioning, stability, maintenance, and DNA 
transfer. Plasmids p194, p615cip and pHP103 (Fig. 3) car-
ried PMQR genes qnrS1, qnrB19 and qnrS2, respectively, 
and unlike IncX1 group these genes were closely associ-
ated with IS26. Plasmids p615cip and pHP103 shared 
highest coverage (96% and 85%, respectively) and iden-
tity (99.98% and 99.99%, respectively) with p194. Plasmid 
p194 shared highest identity (84% coverage and 99.89% 
identity) with plasmid RCS81_p (LT985317) isolated in 
France and second highest (70% coverage and 99.79% 
identity) with IncX2 archetype plasmid R6K (Fig. 4).

Hybrid plasmids pCE1594 and pHE40 shared con-
served backbone modules for replication, partitioning 
and stability from IncX1 plasmids and for maintenance 
and DNA transfer from IncX2 plasmids (Fig.  5). Both 
plasmids carried qnrS1 flanked by IS26 and IS15DI ele-
ments. pHE40 also shares a conserved backbone with 
other publicly available IncX2 plasmids (Fig. 6).

Apart from qnr genes, all plasmids with the exception 
of p615cip harboured other antibiotic resistance genes 
(ARG) (Table  1). The ARG on individual plasmids are 
associated with insertion sequences and transposons as 
depicted within figures of structural comparison of each 
mentioned group of plasmids.

Phylogenetic analysis of IncX1 and IncX2 plasmids carrying 
qnr genes
The comprehensive comparison and phylogenetic analy-
sis consisted of 49 plasmids, where 41 of them are pub-
licly available from global collection and eight of them 
are presented in this study. The constructed phylogenetic 
tree was divided into three clusters (Fig.  7 and Supple-
mentary Figure S4). IncX1 cluster (orange) was the most 
abundant (n = 33) while IncX2 cluster (blue) represented 
the minority (n = 5). The phylogenetic tree revealed a 
new hybrid IncX1-2 cluster (purple) consisting of 11 
diverse plasmids. The phylogenetic analysis included 17 
multi-replicon plasmids within the IncX1 cluster that 
carried other replicon types (Col, FI, HI1, I, N and R), 

Fig. 1 Structural comparison of IncX1 plasmids (pCE780h4, pHP2 
and pCE1551). Yellow colour represents genes of plasmid backbone, 
blue colour represents transposons and insertion sequences, purple 
colour represents genes encoding antibiotic resistance, red colour 
represents qnr variant and grey colour represents accessory genes. Δ 
represents an incomplete gene or sequence. Vertical blocks between 
sequences indicate regions of shared identity above 95% according 
to blastn 
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resulting in high IncX1 group variability even in the plas-
mid backbone (Fig. 2).

Four variants of qnr gene were identified, qnrS1 
(n = 42), qnrS2 (n = 6), qnrS11 (n = 1) and qnrB19 (n = 1) 
within the global collection of 49 IncX plasmids. Interest-
ingly, plasmid pRW7-1_235k_tetX (MT219825) originat-
ing from a wastewater E. coli isolate from China carried 
both qnrS1 and qnrS2 variants. The most frequent vari-
ant of qnr gene associated with IncX1 and IncX2 plas-
mids was qnrS1 (85.7%) followed by qnrS2 (12.2%).

Frequency of IncX plasmid transfer
Substantial differences in frequency of plasmid trans-
fer in the IncX group ranging from 3.26 ×  10–7 to 
3.79 ×  10–2 T/D were demonstrated (Table 1). Individual 

plasmids within the IncX1 and IncX2 groups showed 
similar frequencies while statistically significant differ-
ences (Supplementary Table S5) were observed between 
IncX1 and IncX2 group. The IncX1 group demonstrated 
a higher frequency of plasmid transfer compared to 
IncX2 and the hybrid variant.

The representative plasmids were selected for further 
experiments for each monitored group, pHP2 for IncX1 
and p194 for IncX2 group as presented below. They 
belong to the most disseminated IncX lineages identified 
in our previous study [15]. The IncX1-2 plasmids were 
excluded from further experiments due to low nearly 
undetectable values of transfer rate obtained within the 
first part of experiments shown above.

Fig. 2 BRIG comparison of the IncX1 plasmids carrying qnr gene. Coloured circle segments show identical sequences of plasmids retrieved from 
GenBank (depicted from inside to outside) with plasmids from this study. IncX1 plasmid group included 17 multi-replicon plasmids (*) with other 
replicon types (Col, FI, HI1, I, N and R), resulting in their high sequence variability. H (human), A (animal), E (environmental) and NS (not specified) 
represent the plasmid source
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Conjugation frequencies of pHP2 (IncX1) and p194 
(IncX2) and their mutant variants (qnrS knockout—
pHP2 ΔqnrS and p194 ΔqnrS), were determined both 
without stress and under stress of temperature change 
and supplementation of various concentration of cipro-
floxacin (Table 2, Fig. 8).

Combined stress factors reduce wildtype IncX1 transfer 
rate while single stress factors alter the IncX1 ΔqnrS 
transfer rate
Only a combination of temperature change and high con-
centration of supplemented ciprofloxacin significantly 
reduced the wildtype IncX1 transfer rate (Table 2, Fig. 8). 
The transfer rate of wildtype pHP2 was significantly 
reduced (p = 0.016 and 0.023) by lowering the mating 
temperature to 25  °C only in combination with supple-
mentation of higher concentrations of ciprofloxacin (0.5 
and 2  µg/mL, respectively). While neither temperature 
change nor ciprofloxacin supplementation as a singular 
stress factor on their own has a significant effect on the 
frequency of wildtype IncX1 plasmid transfer. The tem-
perature change to 25  °C reduced the transfer rate but 
was not statistically significant, although it was close 
to the limit of significance (p = 0.073). The ciprofloxa-
cin supplementation alone did not significantly affect 
wildtype IncX1 transfer with p = 0.671, 0.080, 0.460 and 
0.652 at ciprofloxacin at concentrations 0.001, 0.05, 0.5 
and 2 µg/mL, respectively.

The transfer of pHP2 ΔqnrS was significantly reduced 
by temperature change to 25  °C (p = 0.021). On the 
other hand, the pHP2 ΔqnrS transfer was significantly 
increased by stress caused by supplementation of cip-
rofloxacin alone at concentrations above 0.05  µg/mL 
(p = 0.016, 0.015 and 0.004, respectively). The tempera-
ture change to 25  °C significantly decreased (p < 0.015) 
the frequency of transfer also in all monitored concen-
trations with exception of 0.5 µg/mL (p = 0.014) in which 
the frequency of transfer increased.

The pHP2 ΔqnrS showed no significant differences in 
transfer compared to the wildtype pHP2 transfer at 37 °C 
without ciprofloxacin supplementation (p = 0.691). A sig-
nificant increase in frequency of the pHP2 ΔqnrS transfer 
compared to the wild type pHP2 transfer occurred under 

Fig. 3 Structural comparison of IncX2 plasmids (pHP103, p194 and 
p615cip). Yellow colour represents genes of plasmid backbone, 
blue colour represents transposons and insertion sequences, purple 
colour represents genes encoding antibiotic resistance, red colour 
represents qnr variant and grey colour represents accessory genes. Δ 
represents an incomplete gene or sequence. Vertical blocks between 
sequences indicate regions of shared identity above 95% according 
to blastn
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the conditions of 37  °C in combination with increasing 
ciprofloxacin concentration (0.05, 0.5 and 2 µg/mL with 
p = 0.011, 0.032 and 0.004, respectively). At 25  °C, this 
significant increase in frequency started even in lower 
concentrations from 0.001 µg/mL (p = 0.007) and higher 
with the exception of concentration at 2  µg/mL which 
had no significant difference (p = 0.065). The frequency 
of pHP2 ΔqnrS transfer significantly increased with 
induced stress caused by supplementation of ciprofloxa-
cin but, on the other hand, it was significantly reduced 
by temperature change to 25 °C. Therefore, these results 
demonstrated that disruption of qnrS gene may contrib-
ute to changes in plasmid transfer frequency under influ-
ence of induced stress.

The frequency of wildtype IncX2 transfer increases 
with supplemented ciprofloxacin whereas the temperature 
change to 25 °C increased IncX2 ΔqnrS transfer
The transfer of wildtype IncX2 plasmid, p194, was not 
significantly affected by temperature change to 25  °C 
(p = 0.168). The supplementation of ciprofloxacin alone 
significantly altered the frequency of p194 transfer, 
specifically an increase at concentration 0.001  µg/mL 
(p = 0.002) and decrease at 2  µg/mL (p = 0.034). The 
transfer rate of wildtype p194 was significantly increased 
by lowering the mating temperature to 25  °C in combi-
nation with supplementation of any concentration of cip-
rofloxacin (0.001, 0.05, 0.5 and 2  µg/mL with p = 0.020, 

0.031, 0.025 and 0.009, respectively). The transfer of 
wildtype IncX2 plasmid demonstrated exactly an oppo-
site tendency compared to the wildtype IncX1 plasmid 
transfer, an increase in frequency at 25  °C with supple-
mentation of ciprofloxacin.

In regard to IncX2 plasmid with qnrS gene knockout, 
p194 ΔqnrS, the frequency of transfer was significantly 
increased at 25  °C (p = 0.009). On the other hand, the 
supplementation of ciprofloxacin had no significant 
effect on frequency of p194 ΔqnrS transfer at 37  °C 
(p = 0.895, 0.075, 0.356 and 0.167 respectively). The 
transfer rate of p194 ΔqnrS was significantly increased 
at 25  °C with supplementation of ciprofloxacin in sub-
inhibitory concentrations (c < 0.05 µg/mL) and with the 
highest concentration (2 µg/mL) compared to the p194 
ΔqnrS transfer at 37 °C.

The p194 ΔqnrS showed no significant differences 
in transfer compared to the wildtype p194 trans-
fer at 37  °C without ciprofloxacin supplementation 
(p = 0.066). The significant increase of p194 ΔqnrS 
transfer was observed at 25  °C without ciprofloxa-
cin supplementation (p = 0.017). The increase in fre-
quency of p194 ΔqnrS transfer at 37  °C was observed 
at 0.001  µg/mL ciprofloxacin (p = 0.001) while the 
decrease was detected at supplementation of 0.5  µg/
mL (p = 0.022). Considering the combination of both 
induced stresses, the frequency of p194 ΔqnrS transfer 
compared to the wildtype p194 transfer was increased 

Fig. 4 BRIG comparison of the IncX2 plasmids carrying qnr gene. Coloured circle segments show identical sequences of plasmids retrieved from 
GenBank (depicted from inside to outside) highly similar to the plasmids from this study. A (animal) and NS (not specified) represent the plasmid 
source
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at 25 °C in the lowest and the highest concentration of 
supplemented ciprofloxacin (0.001 and 2  µg/mL with 
p = 0.019 and 0.019 respectively).

Genetic background of bacteria affects the plasmid 
transfer
Conjugation transfer of wildtype IncX1 and IncX2 plas-
mids between closely and distantly related bacterial 
strains showed significant differences in relation to bac-
terial host as mating pairs (Table  3). The pBGC marker 
plasmid did not influence the frequency of transfer of 
monitored IncX plasmids as was observed in the com-
parison of transfers between E. coli TOP10 strain and 
E. coli A15 strain to E. coli TOP10 strain and E. coli A15 
pBGC strain with no significant differences (p = 0.287).

The comparison of transfer rates under variable bac-
terial conditions indicated that frequency of trans-
fer between cells with a similar taxonomic relatedness 
showed significantly higher transfer rate (Table  3). For 
IncX1 pHP2, the conjugative transfer from E. coli ST10 
strain to another E. coli ST10 strain showed significantly 
higher frequencies than transfer from E. coli ST10 to 
E. coli ST127 strain with p = 0.023. Same tendencies were 
shown with transfer between E. coli ST127 strains. The 
transfer from E. coli ST127 strain to another E. coli ST127 
strain was also significantly higher by four orders of mag-
nitude (p = 0.003) compared to the transfer from E. coli 
ST10 to E. coli ST127 strain. Meanwhile, the frequencies 
of plasmid transfer between E. coli ST10 strains com-
pared to transfer between E. coli ST127 strains were not 
significantly different (p = 0.079). The frequency of trans-
fer of IncX2 plasmid, p194, showed the same tendencies 
as observed in pHP2. With regard to the lower frequency 
of IncX2 plasmid transfer compared to the IncX1, the 
transmission from E. coli ST10 to E. coli ST131 strain 
was not observed and therefore the second conjugation 
experiment between E. coli ST131 strains with p194 was 
not performed.

Plasmids sustained within their hosts
Conducted experiments showed that IncX1 (pHP2, pHP2 
ΔqnrS) and IncX2 (p194, p194 ΔqnrS) plasmids were 
able to persist within the host cell in the antibiotic-free 

Fig. 5 Structural comparison of IncX1-2 plasmids to IncX1 and IncX2 
plasmids (pHP2, pCE1594, pHE40 and p194). Yellow colour represents 
genes of plasmid backbone, blue colour represents transposons 
and insertion sequences, purple colour represents genes encoding 
antibiotic resistance, red colour represents qnr variant and grey colour 
represents accessory genes. Δ represents an incomplete gene or 
sequence. Vertical blocks between sequences indicate regions of 
shared identity above 95% according to blastn
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environment for more than five consecutive days regard-
less the fact that the host cell lacked the need for plasmid 
to provide antibiotic resistance (data not shown). We also 
observed that the disruption of qnrS gene did not reduce 
plasmid stability and therefore did not affect its persis-
tence within the cell.

Discussion
Phylogenetic analysis of IncX plasmids carrying qnr genes
Based on phylogenetic analysis the IncX1 plasmid group 
was the most abundant and included also multi-replicon 
plasmids among the IncX1 cluster. The IncX2 plasmid 
group exhibited the lowest occurrence which has previ-
ously been observed [36]. The hybrid IncX1-2 cluster 
including pHE40 and pCE1594 formed a remarkably 
large group compared to the other studies. So far, Guo 
et al. [37] (2017) described pYD786-3, the only previously 
observed IncX1-2 hybrid plasmid, while our study reveals 
wider representation of the IncX1-2 hybrid subtype car-
rying qnr genes. The limited publications of IncX1-2 
plasmid hybrids may be due to their lower incidence or 
their complexity in detection and classification. We con-
firmed that the most frequent variant of qnr gene asso-
ciated with IncX1 and IncX2 plasmids was qnrS1 which 
has been observed also previously [38].

The IncX plasmids have a narrow-host range [29] 
and are not often observed in other bacteria outside 

Enterobacterales with the exception of Pseudomonas 
[15], which corresponds with the narrow range of bacte-
rial hosts detected in our study including E. coli (n = 39), 
S. enterica and S. flexneri (both per 4) and C. freundii 
(n = 2). The IncX plasmids analysed here originated from 
bacteria in various niches including animals (n = 26), 
environment (n = 16), humans (n = 3) or of undetermined 
origin (n = 4). The dissemination of qnr-encoding IncX 
plasmids can be considered worldwide, since they were 
observed in each continent except Antarctica. The pres-
ence and possible transfer of PMQR poses a high risk to 
the animal and human antibiotic therapy, since PMQR in 
association with chromosomal mutations conferring qui-
nolone resistance results in high-level quinolone resist-
ance in Enterobacteriaceae [39]. Plasmids described in 
this study were most frequently of animal origin (53.1%) 
pointing out a possible zoonotic reservoir with potential 
of causing medical problems either via getting into the 
food chain or via occupational risk.

Frequency of IncX plasmid transfer
Significant differences in frequency of conjugal transfer 
were detected where IncX1 group demonstrated higher 
frequency of plasmid transfer compared to IncX2 and 
IncX1-2 groups. Differences in transfer rates between 
IncX groups may have various causes. Liakopoulos et al. 
[40] (2018) suggested that transfer of IncX plasmids 

Fig. 6 BRIG comparison of the IncX1-2 plasmids carrying qnr gene. Coloured circle segments show identical sequences of plasmids retrieved from 
GenBank (depicted from inside to outside) highly similar to the plasmids from this study. A (animal) and E (environmental) represent the plasmid 
source
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Fig. 7 Phylogenetic tree constructed from IncX1 and IncX2 (hybrid and multi-replicon including) plasmids carrying qnr gene. ARG positivity 
represents the presence of antibiotic resistance genes encoding resistance to the mentioned groups of antibiotics. ARG no. represents the total 
number of antibiotic resistance genes for each featured plasmid. Plasmid with IncX region marked by * symbol represents multi-replicon plasmid 
carrying Col, FI, HI1, I, N or R replicons
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Fig. 8 Influence of induced stress on IncX1 A and IncX2 B plasmid conjugative transfer. Frequency of transfer was calculated as the number of 
transconjugants per the number of donors (T/D). LB stands for Luria–Bertani agar. CIP represents the concentration (µg/mL) of supplemented 
ciprofloxacin into the media. Due to high differences in transfer frequencies the lower values are not clearly depicted. Exact values are specified in 
Table 2

Table 2 Frequency of IncX plasmid conjugative transfer under induced stress

Frequency of transfer was calculated as the number of transconjugants per the number of donors (T/D)
a LB stands for Luria–Bertani agar. CIP represents the concentration (µg/mL) of supplemented ciprofloxacin into the media
b T represents the incubation temperature during conjugation

Mediaa Tb IncX1 (pHP2) Standard 
deviation

IncX1 (pHP2 
ΔqnrS)

Standard 
deviation

IncX2 (p194) Standard 
deviation

IncX2 (p194 
ΔqnrS)

Standard 
deviation

LB 37 °C 2.56 ×  10–2 1.26 ×  10–2 2.12 ×  10–2 5.29 ×  10–3 1.34 ×  10–6 4.92 ×  10–7 6.83 ×  10–6 2.53 ×  10–6

25 °C 1.45 ×  10–4 5.95 ×  10–5 3.84 ×  10–4 9.71 ×  10–5 2.77 ×  10–4 2.25 ×  10–4 1.52 ×  10–3 2.41 ×  10–4

LB—CIP 
0.001

37 °C 2.63 ×  10–2 1.22 ×  10–2 1.39 ×  10–2 2.85 ×  10–3 3.47 ×  10–5 3.24 ×  10–6 7.09 ×  10–6 2.63 ×  10–6

25 °C 4.85 ×  10–4 4.24 ×  10–5 2.27 ×  10–4 6.19 ×  10–5 8.77 ×  10–4 2.05 ×  10–4 1.42 ×  10–2 4.11 ×  10–3

LB—CIP 0.05 37 °C 3.34 ×  10–3 1.19 ×  10–3 2.76 ×  10–1 5.06 ×  10–2 1.32 ×  10–6 1.56 ×  10–7 1.34 ×  10–6 7.78 ×  10–7

25 °C 4.25 ×  10–4 5.34 ×  10–5 3.43 ×  10–2 4.96 ×  10–3 4.01 ×  10–4 1.24 ×  10–4 1.67 ×  10–2 2.40 ×  10–3

LB—CIP 0.5 37 °C 2.11 ×  10–2 4.70 ×  10–3 9.21 ×  10–2 1.82 ×  10–2 2.52 ×  10–6 1.94 ×  10–6 4.10 ×  10–6 2.18 ×  10–6

25 °C 1.17 ×  10–4 3.13 ×  10–5 2.38 ×  10–1 4.51 ×  10–2 9.23 ×  10–5 2.30 ×  10–5 4.55 ×  10–5 5.65 ×  10–5

LB—CIP 2 37 °C 3.12 ×  10–2 8.22 ×  10–3 1.50 ×  10–0 1.61 ×  10–1 4.07 ×  10–8 7.04 ×  10–8 4.45 ×  10–5 3.08 ×  10–5

25 °C 2.71 ×  10–4 3.71 ×  10–5 4.16 ×  10–1 1.92 ×  10–1 1.37 ×  10–5 2.37 ×  10–6 5.14 ×  10–4 1.24 ×  10–4
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might be conserved for groups of the same origin and 
even proclaimed that plasmids of animal origin trans-
ferred more efficiently at 30  °C than human-derived 
plasmids. Another mechanism responsible for different 
plasmid conjugative transfer efficiency may be the quo-
rum sensing or sensing of environmental conditions with 
regulatory systems activating the tra genes [41]. Lower 
rate of IncX2 plasmid transfer may also be the cause of 
lower occurrence of these plasmids in the environment 
however, this statement requires further investigation to 
determine the cause.

It is speculated that induced stress might cause cellu-
lar responses such as alterations of cell wall or changes 
in regulation of gene expression that consequentially 
increases plasmid transfer rate [42–45]. Our study 
showed substantial differences in frequency tendencies 
under variable stress conditions between the individual 
IncX plasmid groups. Significant differences in transfer 
were observed under the influence of induced stress. In 
a study by Lopatkin et al. (2016), a selection pressure or 
stress such as non-inhibitory levels of several antibiot-
ics were applied to cells during conjugation. The selec-
tion pressure or induced stress also consequently did not 
play a role solely in conjugative transfer [46]. Also, in a 
study by Pallares-Vega et  al. (2021), the IncP-1 plasmid 
conjugative transfer was significantly reduced by decreas-
ing the mating temperature [11]. We followed up on 
their findings and expanded it with more insights using 
combined induced stresses and the knockout of qnrS 
gene, thus achieved diverse results under specific con-
ditions during conjugation. We observed that the qnrS 
gene knockout alone did not significantly alter the plas-
mid transfer. Supplementation of sub-inhibitory concen-
trations of ciprofloxacin and levofloxacin has also been 
observed to induce the plasmid RP4 (IncP) conjugation 
from E. coli to Pseudomonas aeruginosa via stimulation 
of expression of tra genes [47]. Shun-Mei et al. (2018) also 
noted that the conjugation efficiency is not linked to the 
expression of genes associated with SOS response that is 

generally induced by supplementation of quinolones [48]. 
The mechanism of plasmid transfer modification is still 
not fully elucidated and requires further investigation.

Influence of genetic background on plasmid transfer
The plasmid transfer is not dependent just on a plas-
mid itself but the background of bacterial hosts plays its 
crucial part as well [49]. Alderliesten et  al. [50] (2020) 
proclaimed that taxonomic relatedness affects only the 
conjugation in liquid mating but we propose its effect on 
solid mating bacteria that is supported by Sheppard, Bed-
dis, and Barraclough [49] (2020).

Our results suggested that a similar genetic back-
ground of the bacterial strain can facilitate the mobility 
of plasmids as was also observed by Dimitriu et al. [12] 
(2019). Their study strongly suggested the influence of 
restriction-modification systems in recipients and their 
contribution to biasing the plasmid transfer frequency. 
Two strains of E. coli ST10 were more inclined to conju-
gate since they had similar genetic background, and the 
same was detected between two E. coli ST127 strains. 
On the other hand, the transfer from E. coli ST10 to E. 
coli ST127 was distinctly lower. Considering the trans-
fer to E. coli ST131, the low rates of transfer may not 
have been experimentally observed due to the limits of 
detection. Despite the low frequency, once the plasmid 
transfer occurred between distantly related bacteria, the 
frequency between further closely related strains sta-
bilized at higher rates similar to the transfer between 
original closely related strains. This finding highlighted 
the possibility that once a plasmid crosses the borders of 
distantly related bacterial strains, it may enable a rapid 
spread between closely related and even pathogenic bac-
teria possibly by bypassing the restriction barrier.

IncX plasmid persistence
Plasmid persistence within cells without the selective 
pressure was similarly observed in IncN plasmids carry-
ing qnrS1 or qnrB2 gene in a study conducted by Segura 

Table 3 Influence of bacterial background on IncX plasmid transfer

a Frequency of transfer was calculated as the number of transconjugants per the number of donors (T/D)

Plasmid Donor Recipient Frequency of  transfera Standard deviation

pHP2 (IncX1) E. coli TOP10 ST10 E. coli A15 pBGC ST10 2.36 ×  10–2 6.32 ×  10–3

E. coli UPEC536 ST127 1.34 ×  10–6 5.47 ×  10–7

E. coli UPEC536 pBGC ST127 6.81 ×  10–6 5.60 ×  10–7

E. coli ST131 pBGC Not detected Not detected

E. coli UPEC536 ST127 E. coli UPEC536 pBGC ST127 1.01 ×  10–2 1.01 ×  10–3

p194 (IncX2) E. coli TOP10 ST10 E. coli A15 pBGC ST10 1.04 ×  10–4 2.39 ×  10–5

E. coli UPEC536 pBGC ST127 Not detected Not detected

E. coli ST131 pBGC Not detected Not detected
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et  al.  [51] (2020). Monitored IncN plasmids persisted 
within uropathogenic cells even without the selective 
pressure of fluoroquinolones. There are numerous rea-
sons for plasmid persistence including partition and 
toxin/antitoxin systems. All of our IncX1 and IncX1-2 
monitored plasmids carried stbE and stbD genes encod-
ing a functional toxin/antitoxin system as described 
before by Unterholzner et al.  [52] (2013). The absence of 
a toxin/antitoxin system on IncX2 plasmids may be one of 
the possible reasons for their low occurrence due to their 
lower stability within bacteria. However, this hypoth-
esis was not confirmed by our study since the IncX1 and 
IncX2 plasmids persisted in all of the monitored cells. 
One of possible answers to plasmid stability was proposed 
by Carroll and Wong [53] (2018) who stated that high 
plasmid transfer rates may be the reason behind plasmid 
persistence. According to the numerical analysis model 
the horizontal plasmid transfer keeps the plasmid stabil-
ity at balance [54]. Another possibility is that the plasmid 
burden is decreased by compensatory mutations in plas-
mid or chromosomal genes [55], or a proposed positive 
epistatic effect [56] which consequently minimizes the 
advantages of losing the plasmid and therefore the plas-
mid withdrawal does not occur. Gama et  al.  [57] (2020) 
analysed several mathematical models including multiple 
plasmids and noted that plasmid interactions affecting 
host fitness, conjugation rate or plasmid missegregation 
significantly influenced, most dominantly promoted, the 
plasmid persistence as well.

Conclusion
This study showed the significant properties and behav-
iour of IncX plasmids carrying antibiotic resistance genes 
that are likely to play a role in their dissemination and 
stability in bacterial populations.

It demonstrated the hitherto unknown occurrence of 
IncX1-2 plasmids harbouring PMQR genes. However, 
IncX1-2 plasmid importance was impaired by its much 
lower transfer rate compared to IncX1 and IncX2 group. 
A knockout of the qnr gene was observed to modify the 
frequency of plasmid transfer under influence of induced 
stress. The influence of both stresses was needed to 
affect the transfer rate of wildtype IncX plasmids, 
whereas a single stress was sufficient to affect the IncX 
ΔqnrS plasmid transfer rate. These findings propose the 
stimulating effect of ciprofloxacin supplementation on 
the plasmid transfer that can be nullified by the carriage 
of a single PMQR gene. Our study also indicated that 
the frequency of transfer was biased towards the host 
phylogenetic proximity as the transfer between phyloge-
netically closely related bacterial strains was higher than 
between phylogenetically distantly related.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12866- 022- 02546-6.

Additional file 1. 

Additional file 2: Supplementary Table S1. Experimental design of 
individual mating assayswith induced stress using pHP2 (IncX1) and p194 
(IncX2 

Additional file 3: Supplementary Table S2. Bacterial strains used 
formating assays

Additional file 4: Supplementary Table S3. Experimental design 
ofindividual mating assays with pHP2 (IncX1) and p194 (IncX2) using 
variousbacterial background 

Additional file 5: Supplementary Table S5. Student’s T-test of IncX-
typeplasmid conjugative transfer 

Acknowledgements
We acknowledge I. Literak for providing E. coli isolates harbouring IncX 
plasmids. We thank J. Lausova, D. Cervinkova, E. Suchanova for their help in 
the laboratory.

Authors’ contributions
TN, AV, MM and MD conducted the research and designed the experiments. 
TN, AV, IP, HP and AMW analysed the sequence data. TN, AV, MM and JP per-
formed the experiments. TN and MM performed the statistical analysis. TN and 
AV wrote the manuscript and all other authors contributed to revisions. The 
author(s) read and approved the final manuscript.

Funding
This work was supported by the Czech Health Research Council project 
(NU20J-05–00033), by CEITEC 2020—Central European Institute of Technol-
ogy (LQ1601) from the Czech Ministry of Education, Youth and Sports within 
the National Programme for Sustainability II and by the Internal Grant Agency 
of University of Veterinary Sciences Brno (ITA Literak 2021). Tomas Nohejl and 
Jana Palkovicova were supported by the Internal Grant Agency of the Univer-
sity of Veterinary Sciences Brno (grant 208/2021/FVHE).

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
in the GenBank repository (see Table 1).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biology and Wildlife Diseases, Faculty of Veterinary Hygiene 
and Ecology, University of Veterinary Sciences Brno, Brno, Czech Republic. 
2 CEITEC, University of Veterinary Sciences Brno, Brno, Czech Republic. 3 Faculty 
of Medicine, Biomedical Center, Charles University, Pilsen, Czech Republic. 
4 Parasites and Microbes, Wellcome Trust Sanger Institute, Wellcome Genome 
Campus, Hinxton CB10 1SA, UK. 5 Department of Clinical Microbiology 
and Immunology, Institute of Laboratory Medicine, The University Hospital 
Brno, Brno, Czech Republic. 

Received: 24 September 2021   Accepted: 27 April 2022

https://doi.org/10.1186/s12866-022-02546-6
https://doi.org/10.1186/s12866-022-02546-6


Page 15 of 16Nohejl et al. BMC Microbiology          (2022) 22:136  

References
 1. Cassini A, et al. Attributable deaths and disability-adjusted life-years 

caused by infections with antibiotic-resistant bacteria in the EU and the 
European Economic Area in 2015: a population-level modelling analysis. 
Lancet Infect Dis. 2019;19(1):56–66. https:// doi. org/ 10. 1016/ S1473- 
3099(18) 30605-4.

 2. ECDC, “Antimicrobial Resistance Tackling the Burden in the European 
Union,” Eur. Cent. Dis. Prev. Control, pp. 1–20, 2019, [Online]. Available: 
https:// www. oecd. org/ health/ health- syste ms/ AMR- Tackl ing- the- Burden- 
in- the- EU- OECD- ECDC- Briefi ng- Note- 2019. pdf.

 3. D. P. Snustad and M. J. Simmons, Principles of genetics. John Wiley & Sons, 
2015.

 4. Ruiz J. Transferable Mechanisms of Quinolone Resistance from 1998 
Onward. Clin Microbiol Rev. 2019;32(4):e00007-19. https:// doi. org/ 10. 
1128/ CMR. 00007- 19.

 5. G. A. Jacoby, “Plasmid-Mediated Quinolone Resistance BT - Antimicrobial 
Drug Resistance: Mechanisms of Drug Resistance, Volume 1,” D. L. Mayers, 
J. D. Sobel, M. Ouellette, K. S. Kaye, and D. Marchaim, Eds. Cham: Springer 
International Publishing, 2017, pp. 265–268.

 6. Fang H, et al. Sequencing of pT5282-CTXM, p13190-KPC and p30860-NR, 
and comparative genomics analysis of IncX8 plasmids. Int J Antimicrob 
Agents. 2018;52(2):210–7. https:// doi. org/ 10. 1016/j. ijant imicag. 2018. 04. 
012.

 7. Rozwandowicz M, et al. Plasmids carrying antimicrobial resistance genes 
in Enterobacteriaceae. J Antimicrob Chemother. 2018;73(5):1121–37. 
https:// doi. org/ 10. 1093/ jac/ dkx488.

 8. Beaber JW, Hochhut B, Waldor MK. SOS response promotes horizontal 
dissemination of antibiotic resistance genes. Nature. 2004;427(6969):72–
4. https:// doi. org/ 10. 1038/ natur e02241.

 9. M. Barlow, “What Antimicrobial Resistance Has Taught Us About Horizon-
tal Gene Transfer BT - Horizontal Gene Transfer: Genomes in Flux,” M. B. 
Gogarten, J. P. Gogarten, and L. C. Olendzenski, Eds. Totowa, NJ: Humana 
Press, 2009, pp. 397–411.

 10. Blázquez J, Couce A, Rodríguez-Beltrán J, Rodríguez-Rojas A. Anti-
microbials as promoters of genetic variation. Curr Opin Microbiol. 
2012;15(5):561–9. https:// doi. org/ 10. 1016/j. mib. 2012. 07. 007.

 11. R. Pallares-Vega et al., “Temperature and Nutrient Limitations Decrease 
Transfer of Conjugative IncP-1 Plasmid pKJK5 to Wild Escherichia coli 
Strains ,” Frontiers in Microbiology , vol. 12. 2021, [Online]. Available: 
https://www.frontiersin.org/article/https:// doi. org/ 10. 3389/ fmicb. 2021. 
656250.

 12. Dimitriu T, Marchant L, Buckling A, Raymond B. Bacteria from natural 
populations transfer plasmids mostly towards their kin. Proc R Soc B Biol 
Sci. 1905;286:2019. https:// doi. org/ 10. 1098/ rspb. 2019. 1110.

 13. Wein T, Hülter NF, Mizrahi I, Dagan T. Emergence of plasmid stabil-
ity under non-selective conditions maintains antibiotic resist-
ance. Nat Commun. 2019;10(1):2595. https:// doi. org/ 10. 1038/ 
s41467- 019- 10600-7.

 14. L. A. Vazquez, G. Tejerizo, and S. Brom, “Regulation of conjugative transfer 
of plasmids and integrative conjugative elements,” Plasmid, vol. 91, Apr. 
2017, doi: https:// doi. org/ 10. 1016/j. plasm id. 2017. 04. 002.

 15. Dobiasova H, Dolejska M. Prevalence and diversity of IncX plasmids car-
rying fluoroquinolone and β-lactam resistance genes in Escherichia coli 
originating from diverse sources and geographical areas. J Antimicrob 
Chemother. 2016;71(8):2118–24. https:// doi. org/ 10. 1093/ jac/ dkw144.

 16. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics. 2014;30(15):2114–20. https:// doi. 
org/ 10. 1093/ bioin forma tics/ btu170.

 17. Bankevich A, et al. SPAdes: a new genome assembly algorithm and its 
applications to single-cell sequencing. J Comput Biol. 2012;19(5):455–77. 
https:// doi. org/ 10. 1089/ cmb. 2012. 0021.

 18. Wick RR, Judd LM, Gorrie CL, Holt KE. Completing bacterial genome 
assemblies with multiplex MinION sequencing. Microb Genomics. 
2017;3(10):1–7. https:// doi. org/ 10. 1099/ mgen.0. 000132.

 19. H. Li, “Aligning sequence reads, clone sequences and assembly contigs 
with BWA-MEM,” ArXiv, vol. 1303, Mar. 2013.

 20. Valcek A, Overballe-Petersen S, Hansen F, Dolejska M, Hasman H. 
Complete Genome Sequence of Escherichia coli MT102, a Plasmid-Free 
Recipient Resistant to Rifampin, Azide, and Streptomycin, Used in Conju-
gation Experiments. Microbiol Resour Announc. 2019;8(20):e00383-e419. 
https:// doi. org/ 10. 1128/ MRA. 00383- 19.

 21. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: Resolving bacterial 
genome assemblies from short and long sequencing reads. PLoS Com-
put Biol. 2017;13(6):e1005595–e1005595. https:// doi. org/ 10. 1371/ journ al. 
pcbi. 10055 95.

 22. C. Papagiannitsis, I. Kutilová, M. Medvecky, J. Hrabák, and M. Dolejska, 
“Characterization of the complete nucleotide sequence of IncA/C2 plas-
mids carrying In809-like integrons from Enterobacteriaceae of wildlife 
origin,” Antimicrob. Agents Chemother., vol. 61, Jul. 2017, doi: https:// doi. 
org/ 10. 1128/ AAC. 01093- 17.

 23. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 
2014;30(14):2068–9. https:// doi. org/ 10. 1093/ bioin forma tics/ btu153.

 24. Page AJ, et al. Roary: rapid large-scale prokaryote pan genome analysis. 
Bioinformatics. 2015;31(22):3691–3. https:// doi. org/ 10. 1093/ bioin forma 
tics/ btv421.

 25. Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic 
analyses with thousands of taxa and mixed models. Bioinformatics. 
2006;22(21):2688–90. https:// doi. org/ 10. 1093/ bioin forma tics/ btl446.

 26. Letunic I, Bork P. Interactive Tree Of Life (iTOL): an online tool for phylo-
genetic tree display and annotation. Bioinformatics. 2007;23(1):127–8. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btl529.

 27. N.-F. Alikhan, N. K. Petty, N. L. Ben Zakour, and S. A. Beatson, “BLAST Ring 
Image Generator (BRIG): simple prokaryote genome comparisons,” 
BMC Genomics, vol. 12, no. 1, p. 402, 2011, doi: https:// doi. org/ 10. 1186/ 
1471- 2164- 12- 402.

 28. Gilchrist CLM, Chooi Y-H. clinker & clustermap.js: automatic generation 
of gene cluster comparison figures. Bioinformatics. 2021;37(16):2473–5. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btab0 07.

 29. Johnson TJ, et al. Expansion of the IncX plasmid family for improved 
identification and typing of novel plasmids in drug-resistant Enterobac-
teriaceae. Plasmid. 2012;68(1):43–50. https:// doi. org/ 10. 1016/j. plasm id. 
2012. 03. 001.

 30. A. Alonso-del Valle et al., “The distribution of plasmid fitness effects 
explains plasmid persistence in bacterial,” bioRxiv, p. 2020.08.01.230672, 
2020, [Online]. Available: https:// doi. org/ 10. 1101/ 2020. 08. 01. 230672.

 31. Cottell JL, Saw HTH, Webber MA, Piddock LJV. Functional genomics to 
identify the factors contributing to successful persistence and global 
spread of an antibiotic resistance plasmid. BMC Microbiol. 2014;14(1):168. 
https:// doi. org/ 10. 1186/ 1471- 2180- 14- 168.

 32. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile Genetic Ele-
ments Associated with Antimicrobial Resistance. Clin Microbiol Rev. 
2018;31(4):e00088-e117. https:// doi. org/ 10. 1128/ CMR. 00088- 17.

 33. Pu X-Y, Gu Y, Li J, Song S-J, Lu Z. Characterization of the complete 
sequences and stability of plasmids carrying the genes aac(6′)-Ib-cr or 
qnrS in Shigella flexneri in the Hangzhou area of China. World J Microbiol 
Biotechnol. 2018;34(6):72. https:// doi. org/ 10. 1007/ s11274- 018- 2454-3.

 34. Dolejska M, Villa L, Minoia M, Guardabassi L, Carattoli A. Complete 
sequences of IncHI1 plasmids carrying blaCTX-M-1 and qnrS1 in 
equine Escherichia coli provide new insights into plasmid evolution. J 
Antimicrob Chemother. 2014;69(9):2388–93. https:// doi. org/ 10. 1093/ jac/ 
dku172.

 35. P. Kontomichalou, M. Mitani, and R. C. Clowes, “Circular R-Factor Molecules 
Controlling Penicillinase Synthesis, Replicating in <em>Escherichia coli</
em> Under Either Relaxed or Stringent Control,” J. Bacteriol., vol. 104, no. 
1, pp. 34 LP – 44, Oct. 1970, [Online]. Available: http:// jb. asm. org/ conte nt/ 
104/1/ 34. abstr act.

 36. Bustamante P, Iredell JR. Carriage of type II toxin-antitoxin systems by the 
growing group of IncX plasmids. Plasmid. 2017;91:19–27. https:// doi. org/ 
10. 1016/j. plasm id. 2017. 02. 006.

 37. Guo Q, Su J, McElheny CL, Stoesser N, Doi Y, Wang M. IncX2 and IncX1-X2 
Hybrid Plasmids Coexisting in a FosA6-Producing Escherichia coli Strain. 
Antimicrob Agents Chemother. 2017;61(7):e00536-e617. https:// doi. org/ 
10. 1128/ AAC. 00536- 17.

 38. Carattoli A. Plasmids and the spread of resistance. Int J Med Microbiol. 
2013;303(6):298–304. https:// doi. org/ 10. 1016/j. ijmm. 2013. 02. 001.

 39. Kotb DN, Mahdy WK, Mahmoud MS, Khairy RMM. Impact of co-existence 
of PMQR genes and QRDR mutations on fluoroquinolones resistance 
in Enterobacteriaceae strains isolated from community and hospital 
acquired UTIs. BMC Infect Dis. 2019;19(1):979. https:// doi. org/ 10. 1186/ 
s12879- 019- 4606-y.

 40. Liakopoulos A, et al. Genomic and functional characterisation of 
IncX3 plasmids encoding blaSHV-12 in Escherichia coli from human 

https://doi.org/10.1016/S1473-3099(18)30605-4
https://doi.org/10.1016/S1473-3099(18)30605-4
https://www.oecd.org/health/health-systems/AMR-Tackling-the-Burden-in-the-EU-OECD-ECDC-Briefing-Note-2019.pdf
https://www.oecd.org/health/health-systems/AMR-Tackling-the-Burden-in-the-EU-OECD-ECDC-Briefing-Note-2019.pdf
https://doi.org/10.1128/CMR.00007-19
https://doi.org/10.1128/CMR.00007-19
https://doi.org/10.1016/j.ijantimicag.2018.04.012
https://doi.org/10.1016/j.ijantimicag.2018.04.012
https://doi.org/10.1093/jac/dkx488
https://doi.org/10.1038/nature02241
https://doi.org/10.1016/j.mib.2012.07.007
https://doi.org/10.3389/fmicb.2021.656250
https://doi.org/10.3389/fmicb.2021.656250
https://doi.org/10.1098/rspb.2019.1110
https://doi.org/10.1038/s41467-019-10600-7
https://doi.org/10.1038/s41467-019-10600-7
https://doi.org/10.1016/j.plasmid.2017.04.002
https://doi.org/10.1093/jac/dkw144
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1099/mgen.0.000132
https://doi.org/10.1128/MRA.00383-19
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1128/AAC.01093-17
https://doi.org/10.1128/AAC.01093-17
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl529
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1016/j.plasmid.2012.03.001
https://doi.org/10.1016/j.plasmid.2012.03.001
https://doi.org/10.1101/2020.08.01.230672
https://doi.org/10.1186/1471-2180-14-168
https://doi.org/10.1128/CMR.00088-17
https://doi.org/10.1007/s11274-018-2454-3
https://doi.org/10.1093/jac/dku172
https://doi.org/10.1093/jac/dku172
http://jb.asm.org/content/104/1/34.abstract
http://jb.asm.org/content/104/1/34.abstract
https://doi.org/10.1016/j.plasmid.2017.02.006
https://doi.org/10.1016/j.plasmid.2017.02.006
https://doi.org/10.1128/AAC.00536-17
https://doi.org/10.1128/AAC.00536-17
https://doi.org/10.1016/j.ijmm.2013.02.001
https://doi.org/10.1186/s12879-019-4606-y
https://doi.org/10.1186/s12879-019-4606-y


Page 16 of 16Nohejl et al. BMC Microbiology          (2022) 22:136 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

and animal origin. Sci Rep. 2018;8(1):7674. https:// doi. org/ 10. 1038/ 
s41598- 018- 26073-5.

 41. G. Koraimann and M. A. Wagner, “Social behavior and decision making 
in bacterial conjugation ,” Frontiers in Cellular and Infection Microbiol-
ogy , vol. 4. p. 54, 2014, [Online]. Available: https://www.frontiersin.org/
article/https:// doi. org/ 10. 3389/ fcimb. 2014. 00054.

 42. Ma H, Bryers JD. Non-invasive determination of conjugative transfer of 
plasmids bearing antibiotic-resistance genes in biofilm-bound bacteria: 
effects of substrate loading and antibiotic selection. Appl Microbiol Bio-
technol. 2013;97(1):317–28. https:// doi. org/ 10. 1007/ s00253- 012- 4179-9.

 43. Schuurmans JM, et al. Effect of growth rate and selection pressure on 
rates of transfer of an antibiotic resistance plasmid between E. coli strains. 
Plasmid. 2014;72:1–8. https:// doi. org/ 10. 1016/j. plasm id. 2014. 01. 002.

 44. Xia Z-J, et al. Improving conjugation efficacy of Sorangium cellulosum 
by the addition of dual selection antibiotics. J Ind Microbiol Biotechnol. 
2008;35(10):1157–63. https:// doi. org/ 10. 1007/ s10295- 008- 0395-9.

 45. Zhang P-Y, Xu P-P, Xia Z-J, Wang J, Xiong J, Li Y-Z. Combined treatment 
with the antibiotics kanamycin and streptomycin promotes the conjuga-
tion of Escherichia coli. FEMS Microbiol Lett. 2013;348(2):149–56. https:// 
doi. org/ 10. 1111/ 1574- 6968. 12282.

 46. Lopatkin AJ, et al. Antibiotics as a selective driver for conjugation dynam-
ics. Nat Microbiol. 2016;1(6):1–22. https:// doi. org/ 10. 1038/ nmicr obiol. 
2016. 44.

 47. E. Shun-Mei, J. M. Zeng, H. Yuan, Y. Lu, R. X. Cai, and C. Chen, “Sub-inhibi-
tory concentrations of fluoroquinolones increase conjugation frequency,” 
Microb. Pathog., vol. 114, no. June 2017, pp. 57–62, 2018, doi: https:// doi. 
org/ 10. 1016/j. micpa th. 2017. 11. 036.

 48. Qin T-T, Kang H-Q, Ma P, Li P-P, Huang L-Y, Gu B. SOS response and 
its regulation on the fluoroquinolone resistance. Ann Transl Med. 
2015;3(22):358. https:// doi. org/ 10. 3978/j. issn. 2305- 5839. 2015. 12. 09.

 49. Sheppard RJ, Beddis AE, Barraclough TG. The role of hosts, plasmids and 
environment in determining plasmid transfer rates: A meta-analysis. Plas-
mid. 2020;108: 102489. https:// doi. org/ 10. 1016/j. plasm id. 2020. 102489.

 50. Alderliesten JB, Duxbury SJN, Zwart MP, de Visser JAGM, Stegeman A, 
Fischer EAJ. Effect of donor-recipient relatedness on the plasmid conju-
gation frequency: a meta-analysis. BMC Microbiol. 2020;20(1):135. https:// 
doi. org/ 10. 1186/ s12866- 020- 01825-4.

 51. Segura WD, et al. In vitro and in vivo persistence of IncN plasmids carrying 
qnr genes in uropathogenic Escherichia coli isolates. J Glob Antimicrob 
Resist. 2020;22:806–10. https:// doi. org/ 10. 1016/j. jgar. 2020. 07. 006.

 52. Unterholzner SJ, Hailer B, Poppenberger B, Rozhon W. Characterisation 
of the stbD/E toxin–antitoxin system of pEP36, a plasmid of the plant 
pathogen Erwinia pyrifoliae. Plasmid. 2013;70(2):216–25. https:// doi. org/ 
10. 1016/j. plasm id. 2013. 04. 002.

 53. Carroll AC, Wong A. Plasmid persistence: costs, benefits, and the plasmid 
paradox. Can J Microbiol. 2018;64(5):293–304. https:// doi. org/ 10. 1139/ 
cjm- 2017- 0609.

 54. Svara F, Rankin DJ. The evolution of plasmid-carried antibiotic resistance. 
BMC Evol Biol. 2011;11:130. https:// doi. org/ 10. 1186/ 1471- 2148- 11- 130.

 55. N. Händel, S. Otte, M. Jonker, S. Brul, and B. H. ter Kuile, “Factors That Affect 
Transfer of the IncI1 β-Lactam Resistance Plasmid pESBL-283 between 
E. coli Strains,” PLoS One, vol. 10, no. 4, p. e0123039, Apr. 2015, [Online]. 
Available: https:// doi. org/ 10. 1371/ journ al. pone. 01230 39.

 56. A. San Millan, K. Heilbron, and R. C. MacLean, “Positive epistasis between 
co-infecting plasmids promotes plasmid survival in bacterial populations,” 
ISME J., vol. 8, no. 3, pp. 601–612, Mar. 2014, doi: https:// doi. org/ 10. 1038/ 
ismej. 2013. 182.

 57. J. A. Gama, R. Zilhão, and F. Dionisio, “Plasmid Interactions Can Improve 
Plasmid Persistence in Bacterial Populations ,” Frontiers in Microbiology 
, vol. 11. p. 2033, 2020, [Online]. Available: https://www.frontiersin.org/
article/https:// doi. org/ 10. 3389/ fmicb. 2020. 02033.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/s41598-018-26073-5
https://doi.org/10.1038/s41598-018-26073-5
https://doi.org/10.3389/fcimb.2014.00054
https://doi.org/10.1007/s00253-012-4179-9
https://doi.org/10.1016/j.plasmid.2014.01.002
https://doi.org/10.1007/s10295-008-0395-9
https://doi.org/10.1111/1574-6968.12282
https://doi.org/10.1111/1574-6968.12282
https://doi.org/10.1038/nmicrobiol.2016.44
https://doi.org/10.1038/nmicrobiol.2016.44
https://doi.org/10.1016/j.micpath.2017.11.036
https://doi.org/10.1016/j.micpath.2017.11.036
https://doi.org/10.3978/j.issn.2305-5839.2015.12.09
https://doi.org/10.1016/j.plasmid.2020.102489
https://doi.org/10.1186/s12866-020-01825-4
https://doi.org/10.1186/s12866-020-01825-4
https://doi.org/10.1016/j.jgar.2020.07.006
https://doi.org/10.1016/j.plasmid.2013.04.002
https://doi.org/10.1016/j.plasmid.2013.04.002
https://doi.org/10.1139/cjm-2017-0609
https://doi.org/10.1139/cjm-2017-0609
https://doi.org/10.1186/1471-2148-11-130
https://doi.org/10.1371/journal.pone.0123039
https://doi.org/10.1038/ismej.2013.182
https://doi.org/10.1038/ismej.2013.182
https://doi.org/10.3389/fmicb.2020.02033

	Genomic analysis of qnr-harbouring IncX plasmids and their transferability within different hosts under induced stress
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	IncX plasmids
	Plasmid sequencing
	Data analysis and plasmid assembly
	In silico and phylogenetic analyses
	Frequency of IncX plasmid transfer
	Preparation of plasmid mutants with knockout of qnrS gene
	Transferability of pHP2 and p194 and their ΔqnrS variants under stress
	Effect of bacterial background divergence on plasmid transferability
	Plasmid persistence

	Results
	Complete nucleotide sequences of IncX1 and IncX2 plasmids and their hybrids
	Phylogenetic analysis of IncX1 and IncX2 plasmids carrying qnr genes
	Frequency of IncX plasmid transfer
	Combined stress factors reduce wildtype IncX1 transfer rate while single stress factors alter the IncX1 ΔqnrS transfer rate
	The frequency of wildtype IncX2 transfer increases with supplemented ciprofloxacin whereas the temperature change to 25 °C increased IncX2 ΔqnrS transfer
	Genetic background of bacteria affects the plasmid transfer
	Plasmids sustained within their hosts

	Discussion
	Phylogenetic analysis of IncX plasmids carrying qnr genes
	Frequency of IncX plasmid transfer
	Influence of genetic background on plasmid transfer
	IncX plasmid persistence

	Conclusion
	Acknowledgements
	References


