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Abstract: Achromobacter spp. is an opportunistic pathogen that can cause lung infections in patients
with cystic fibrosis (CF). Although a variety of mobile genetic elements (MGEs) carrying antimicrobial
resistance genes have been identified in clinical isolates, little is known about the contribution
of Achromobacter spp. mobilome to its pathogenicity. To provide new insights, we performed
bioinformatic analyses of 54 whole genome sequences and investigated the presence of phages,
insertion sequences (ISs), and integrative and conjugative elements (ICEs). Most of the detected
phages were previously described in other pathogens and carried type II toxin-antitoxin systems
as well as other pathogenic genes. Interestingly, the partial sequence of phage Bcep176 was found
in all the analyzed Achromobacter xylosoxidans genome sequences, suggesting the integration of this
phage in an ancestor strain. A wide variety of IS was also identified either inside of or in proximity to
pathogenicity islands. Finally, ICEs carrying pathogenic genes were found to be widespread among
our isolates and seemed to be involved in transfer events within the CF lung. These results highlight
the contribution of MGEs to the pathogenicity of Achromobacter species, their potential to become
antimicrobial targets, and the need for further studies to better elucidate their clinical impact.

Keywords: mobilome; Achromobacter; lung infection; cystic fibrosis; horizontal gene transfer (HGT);
prophages; integrative and conjugative elements (ICEs); insertion sequences (ISs); integrative and
mobilizable elements (IMEs); antimicrobial resistance genes; virulence genes

1. Introduction

Horizontal gene transfer (HGT) is the transfer of genetic elements among organisms
by means other than vertical transmission [1,2]. HGT is a well-described mechanism
that has been increasingly studied due to its significant role in the rapid dissemination of
genetic elements between bacteria [3–9]. Mobile genetic elements (MGEs) are segments of
DNA that encode proteins mediating their own movement within intracellular mobility
or HGT phenomena [10]. MGEs include a wide variety of different elements that can be
horizontally transmitted in three ways: transformation, transduction, or conjugation.

Transformation is the process by which bacteria take up foreign DNA from the local
environment [11], while transduction consists of a DNA transfer mediated by phages, also
called bacteriophages [10]. These are bacterial viruses that can contain into their capsid
elements of host DNA, which can be transferred to a new host and be inherited, thus
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allowing the host to express traits carried by phages [12]. Finally, conjugation consists of
the transfer of DNA through cell-to-cell contact and requires independently replicating
genetic elements such as conjugative plasmids and integrative and conjugative elements
(ICEs) [7,13,14]. ICEs can integrate into and excise from genomes using integrase, circu-
larize, replicate, and then transfer via conjugation [13–15]. Another type of MGE that
can horizontally transfer through conjugation is integrative mobilizable elements (IMEs),
which encode an integrase and circularize like ICEs but have to exploit the conjugative
machinery of co-resident ICEs or conjugative plasmids [16]. Another type of MGEs is
represented by insertion sequences (ISs), which are small DNA segments that are able to
move themselves to new genomic locations within a single cell. ISs are often present in
multiple copies in the same genome and can thus facilitate homologous recombination
events [17].

MGEs have an important role in antimicrobial resistance and virulence [18–21] as
well as in bacterial adaptation. Indeed, they encode genes related to these mechanisms
and can enable their host to synthesize products that affect the fitness of co-infecting
pathogens, like bacteriocins [22,23], or confer antibiotic resistance [24]. In particular, a
strong link between ICEs and the dissemination of antibiotic resistance genes has been
demonstrated [13]. It is thus clear that MGEs and HGT events contribute to the pathogenic
potential of microbes [19,25,26]. Another mechanism favoring bacterial persistence is
the ability to genetically adapt during chronic infection through the accumulation of
pathoadaptive mutations [27]. This phenomenon can be accelerated due to mutations in
the DNA mismatch repair system (MMR), giving rise to hypermutation events and to
clonal diversification within the host [28].

Although MGEs have been detected in the great majority of prokaryotic organisms,
the scale and importance of HGT events is still not clear for less characterized bacterial
species such as Achromobacter spp., an opportunistic pathogen that can cause lung in-
fections in patients with cystic fibrosis (CF). Even though chronic colonization has been
associated with a decline in respiratory function, increased frequency of exacerbations,
and lung inflammation [25,26,29,30], literature regarding Achromobacter mobilome and its
contribution to pathogenicity is still scarce. Nonetheless, a rich variety of mobile genetic
elements carrying resistance genes in addition to its natural multidrug resistance have been
identified in clinical isolates [31].

To better understand the role and impact of MGE on Achromobacter pathogenicity
potential, we performed whole genome sequencing of 54 clinical isolates and investigated
the presence and content of phages, ISs, ICEs, and IMEs through bioinformatic analyses.

2. Materials and Methods
2.1. Samples Collection and Identification

Fifty-four isolates were collected from the sputum samples of 26 patients followed at
the CF Center of Verona and were identified as Achromobacter spp. by MALDI-TOF-MS
(bioMerieux Marcy-l’Étoile, France). Additional information on patients, type of infection
(chronic, occasional), and sampling timeline was reported in Table S1. Informed consent
was obtained according to projects CRCFC-CEPPO026 and CRCFC-CEPPO031 approved
by the local Ethical Committee.

According to the European Consensus criteria (ECC), infection was defined as chronic
when at least three positive cultures over ≥6 months were obtained with at least a 1-month
interval between the samples [32]. Sputum samples were collected approximately every 3
months for microbiological analysis. The classification of occasional and chronic infection
was assessed using the information regarding all the Achromobacter isolates identified
between 2013 and 2018. A minimum of 1 isolate and a maximum of 6 isolates from each
infected patient were stored and then used in this study. The collection activity was mainly
performed in two time periods: 2014–15 and 2017–18. The average nucleotide identity
(ANI) among all available Achromobacter spp. genomes (n = 142, NCBI RefSeq database,
January 2020) and all sequenced isolates were calculated in order to verify the correct
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species classification of the reference and isolates genomes. Isolates were considered to
belong to the same species when ANI ≥ 95%, whereas isolates with ANI < 95% with all
available Achromobacter spp. genomes were considered as new genogroups (NG) [33].
Genotypic relatedness among longitudinal isolates was verified by checking core genome
similarities obtained using the Harvest-OSX64-v1.1.2 suite [34].

2.2. Genome Sequencing

All the isolates underwent whole genome sequencing at the Technological Platform
Centre of the University of Verona. Sequences were submitted to the NCBI SRA database
with project number PRJEB40979. Genomic DNA was extracted using the QIAamp DNA
Blood Mini Kit (Qiagen, Milan, Italy) and its quality was assessed using NanoDrop 2000
(Thermo Fisher Scientific, Wilmington, DE, USA) and a Fragment Analyzer System (Agilent
Technologies, Santa Clara, CA, USA). Libraries were prepared using the KAPA PCR-free
kit (Roche Sequencing Solutions, Pleasanton, CA, USA) and sequenced on a NextSeq500
Illumina platform (Illumina, Hayward, CA, USA) generating 150bp paired end reads with
a mean read yield of 10978104 and a mean coverage of 190X. Read quality controls, de novo
assembly, and genome annotation were performed similarly to our previous work [35].
Details on the sequencing and de novo assembly are available in Table S2.

2.3. Mobilome Analysis

Phage Search Tool Enhanced Release (PHASTER) [36] was used in order to identify
and annotate the prophage sequences based on similarity. Only phages classified as intact
by the tool were included into the subsequent analyses. Phylogenetic analysis of Burkho
Bcep176 phage was performed by extracting the phage sequence from each Achromobacter
xylosoxidans isolate and using the Parsnp tool of the Harvest-OSX64-v1.1.2 suite with the
options -c -r ! -C 1000 [34]. The tree file in Newick format was used as an input in iTOL [37]
for visualization. The presence of ICEs, IMEs, and cis-mobilizable elements was ascertained
using the online version of the ICEfinder tool based on the ICEberg [38]. Results were
checked to ensure that no ICEs spanning two different contigs were called. Finally, the
ISfinder tool [39] was used to evaluate the presence of ISs. The identified mobile genetic
elements annotations were manually investigated to evaluate the gene content according
to the literature, i.e., presence of antimicrobial resistance genes, virulence factors, and other
pathogenic genes. Heatmaps were generated for results visualization purposes using the
pheatmap R package v1.0.8.

3. Results

Fifty-four Achromobacter spp. clinical isolates were longitudinally collected over
5 years from sputum samples of 26 patients followed at the CF Center of Verona (Italy).
Among them, 17 presented chronic lung infection while nine were occasionally colonized.
Genomic analysis identified five Achromobacter species: Achromobacter aegrifaciens (7%,
n = 4), Achromobacter dolens (7%, n = 4), Achromobacter insolitus (6%, n = 3), Achromobacter
insuavis (13%, n = 7), and A. xylosoxidans (67%, n = 36). Interestingly, four strains isolated
from two patients showed an average nucleotide identity of <95% against all the other
analyzed genomes, suggesting they likely belonged to Achromobacter species with no
reference genomes available yet. In this study, we refer to them as new genogroups (NG).

3.1. Phage Analysis

Phage analysis (Figure 1) identified the presence of 12 bacteriophages that were first
described in the following six host genera: Burkholderia, Pseudomonas, Aeromonas, Erwinia,
Salmonella, and Synechococcus. Interestingly, the most represented ones are Burkholderia
(six phages) and Pseudomonas (two phages), two of the major CF pathogens. In particular,
Burkho Bcep176, and Burkho KS9 phages were identified in the isolates of a high number
of patients (65% and 42%, respectively). While some phages were identified in different
Achromobacter species, others were found to be specific for A. xylosoxidans, such as Burkho
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Bcep176, Aeromo vB AsaM, Pseudo YMC, Pseudo PAJU2, Salmon 118970, and Synech
S CBS1. In particular, the tail sequence of the first one was present in all A. xylosoxidans
isolates. Among the other species, only A. insuavis isolates presented Burkho KS14. Except
for few cases, phage presence did not seem to be correlated to the type of infection (chronic
or occasional). In chronic patients presenting clonal longitudinal isolates, the type and
number of phages was consistent over time except for one case (patient 4). Moreover, in
a patient with occasional infections, we observed variations between two longitudinal
isolates belonging to the same clonetype. These two cases suggest that phage gain or loss
might have happened within the CF lung environment.
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Investigating the pathogenic genes carried by the identified phages, we observed that
only Burkho Bcep176 and Aeromo vB AsaM carry both virulence and antibiotic resistance
genes, while four phages (Burkho BcepMu, Pseudo YMC, Pseudo PAJU2, and Salmon
118970) carried none. Among the phages carrying pathogenic genes, the RelE/ParE and
HicA/B type II toxin/antitoxin (TA) systems were identified (Table S3). These systems are
involved in MGEs stability, biofilm formation, stress responses, and antibiotic persistence.
Interestingly, in a Pseudo PAJU2 phage, we detected the presence of the lexA gene, which
is involved in the repression of the SOS response to DNA damage, thus enhancing the
mutation rate while preventing apoptosis.

3.2. Insertion Sequences (ISs) Analysis

The ISs analysis results (Figure 2) showed the presence of ISs from a wide vari-
ety of microorganisms, including opportunistic human pathogens such as Burkholderia
cepacia complex, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Ralstonia spp., Sph-
ingomonas paucimobilis, and Bordetella parapertussis, as well as environmental species like
Shewanella spp., Salmonella spp., and Pseudomonas syringae. The majority of A. xylosoxidans
and A. insuavis isolates carried more than two types of ISs simultaneously, while the other
Achromobacter species harbored a maximum of two ISs types. Interestingly, ISs related to
plasmid maintenance and rearrangement were found in nine isolates (all isolates from
patients 1, 7, 8, 14, and isolate 12–1), indicating the possible presence of plasmids in these
strains. Variations in ISs among clonal longitudinal strains were only observed in two
chronic patients (10 and 11).
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3.3. Integrative and Conjugative Elements (ICEs) and Integrative and Mobilizable Elements
(IMEs) Analysis

The presence of ICEs was widespread among our isolates (74%), while IMEs were only
found in four strains (Figure 3). Interestingly, ICEs carrying a combination of virulence
factors, antibiotic resistance genes, and mismatch repair (MMR) genes were only detected
in A. xylosoxidans, while no pathogenic genes were identified in A. insuavis ICEs. Among
the antibiotic resistance genes carried by ICEs, we found genes related to penicillin, beta-
lactams, tetracycline, bleomycin, sulfonamide, novobiocin, and deoxycholate resistance
in addition to antibiotic efflux systems. Various virulence factors were also identified
(Table S4), including genes involved in a Type 4 Secretion System (T4SS), Type 2 Secretion
System (T2SS), hemolysin, flagella, pilus, and proteases. Moreover, we frequently observed
the presence of LysR-type transcriptional regulators, which control diverse set of genes,
including those involved in virulence, metabolism, quorum sensing, and motility. Among
MMR genes, radC was found in a high number (58%) of A. xylosoxidans isolates. Within
longitudinal isolates, we observed variations in the presence and pathogenic content of
ICEs over time, indicating the possible exchange of these elements within the CF lungs.
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4. Discussion

Achromobacter spp. is an opportunistic pathogen that can cause lung infections in CF
patients. Although chronic colonization has been associated with a decline in respiratory
function, increased frequency of exacerbations, and lung inflammation, little is known
about its pathogenic mechanisms. In particular, virulence features related to its ability to
colonize chronically, or only occasionally, the lungs of CF patients are largely unknown.
Infections are usually complicated by the innate and acquired multidrug resistance carried
by these microorganisms. Moreover, a rich variety of mobile genetic elements carrying
resistance genes have been identified in clinical isolates, such as plasmids, IS26, IS440,
and class I and class II integrons [31,40]. To provide new insights about Achromobacter
spp. mobilome and its role in virulence and antibiotic resistance, we performed genomic
analyses of 54 clinical isolates mainly collected in 2014–15 and 2017–18. Patients carrying
these isolates could be defined as chronically or occasionally infected based on their clinical
microbiological history since 2013 and not restricted to the isolates that were included in
this study. Although the two-period collection limits the continuous observation of MGEs
evolution during these 5 years, it still provides longitudinal data that can support the
understanding of MGEs role, particularly in poorly characterized microorganisms such as
Achromobacter spp.

Well-represented MGEs in Achromobacter spp. are phages, which infect bacteria.
They are the most abundant organisms in the biosphere [41], and they have been of
interest to scientists as vectors of HGT and drivers of bacterial evolution In previous
literature, Sinorhizobium, Ralstonia, Pseudomonas, and Burkholderia have been suggested to
be the most likely to be involved in horizontal transfer with Achromobacter spp. [42], most
likely because they share a similar GC content. MGEs genetic content can be functional
even in evolutionarily distant genomic backgrounds, like in the case of transposable
elements carrying “blurry” promoters [43]. Although phages previously reported in
other environmental species have also been detected, the majority of identified phages
in this study were first described in species of clinical interest. In particular, typical
Burkholderia phages were the most frequently detected followed by typical Pseudomonas
phages. Since both are among the main respiratory pathogens in CF patients, we can
hypothesize that phages can be exchanged between bacteria through horizontal transfer
during lung colonization. Moreover, the tail and host adsorption apparatus sequence of
phage Bcep176 from Burkholderia was present in all A. xylosoxidans isolates. The ubiquity
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of this sequence within this specific species suggests an ancestral uptake of the phage,
followed by the loss of its structural components and the consequent inability of further
transfer. The phylogenetic analysis of this sequence confirmed a genetic relatedness (72%
core genome similarity) among all A. xylosoxidans isolates (Figure S1). Additionally, its
presence was also ascertained in two reference genomes (RefSeq accessions: NZ_LS483395.1
and NZ_LN831029.1), further supporting the hypothesis of integration of this phage in an
ancestor strain of A. xylosoxidans.

The majority of detected phage sequences carried virulence or antibiotic resistance
genes highlighting the importance of mobile genetic elements in the pathogenicity of
Achromobacter spp. Interestingly, genes involved in MGE stability, biofilm formation, stress
responses, and antibiotic persistence such as Type II TA systems were identified. These sys-
tems have been reported to occur more often in pathogenic bacteria than in nonpathogenic
microorganisms and therefore have been correlated to bacterial pathogenicity [44–50].
Since they are present in bacteria but not in eukaryotic cells, they have also been evaluated
as antimicrobial targets [51,52] that can lead to bacterial cell lethality both by the artificial
activation of toxins and by targeting the TA operon promoter region. The further study
and characterization of Type II TA systems in Achromobacter spp. could thus lead to the
implementation of novel and alternative treatment regimens in CF therapy. In particular,
the RelE/ParE and HicA/B type II TA systems have been identified in our collection of
isolates. While the latter is induced by nutrient starvation and might provide a survival
advantage in difficult conditions [53], the RelE/ParE system has been well characterized
as a genetic element that promotes stable plasmid inheritance [54]. Although we cannot
provide evidence of plasmids in these isolates due to a limit in our study design regarding
genomic DNA extraction, we neither can exclude their presence in light of these results.
Plasmid-related genes were also found within ISs carried by nine isolates. The presence
of these systems within both phages and ISs encourages further studies regarding the
presence and content of plasmids in Achromobacter spp.

IS elements are defined as small (<2.5 kbp) segments of DNA capable of inserting at
multiple sites in the genome [55]. They show a simple genetic organization and usually
cluster in islands within genomes. They participate in chromosome rearrangements and
plasmid integration, and are involved in antibiotic resistance, gene acquisition, and many
pathogenic and virulence functions. Indeed, IS sequences in 14 isolates were found to be
inside or in close proximity of pathogenicity islands, including ICEs (Table S4). Previous
studies also reported that the presence of ISs is frequently associated to antimicrobial
resistance genes and to class I and II integrons [31,40].

Similar to phages, ISs from a wide variety of microorganisms were identified, partic-
ularly from the species of clinical interest including CF opportunistic pathogens such as
B. cepacia complex, P. aeruginosa, and S. maltophilia. This further supported the possible
occurrence of interspecies transfer of mobile genetic elements among CF pathogens. A
high consistency of both phages and IS in terms of type and carried genes was observed
among longitudinal strains, with the exception of a few isolates that showed gain or loss
of these elements despite the brief time between isolation events. The transiency of these
mobilome profiles might suggest the temporary presence of subpopulations rather than a
longitudinal microevolution.

ICEs are self-transmissible mobile genetic elements that usually mediate the transfer
of diverse properties to enable the host to better adapt to hostile conditions [14]. Although
they have been scarcely reported in literature for Achromobacter species, ICEs were found to
be widespread among our isolates. We observed the presence of genes involved in a variety
of functions such as secretion, motility, quorum sensing, metabolism, MMR, and resistance
to different classes of antimicrobial agents. Even though some IMEs have also been
identified in our isolates, the distinction of IMEs and incomplete ICEs is still problematic
for currently available bioinformatic tools when processing short-read draft assemblies.

While the other mobile genetic elements investigated in this study (phages and IS)
showed high consistency in longitudinal isolates, we observed variations in the presence
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and pathogenic content of ICEs over time, indicating a frequent exchange of these elements
within the CF lungs. This contribution to the genomic plasticity of Achromobacter isolates
might play an important role in pathogenesis and adaptation during chronic infections.

The variety of MGEs identified in Achromobacter genomes and their diverse viru-
lence and antibiotic resistance profiles confirm that Achromobacter spp. are a reservoir
of HGT elements. Not only do they contribute to genomic plasticity, but some of these
elements can even become a constitutive part of the bacterial genome, as supported by
the presence of phage Bcep176 in all our A. xylosoxidans isolates as well as in the analyzed
reference genomes. Our results highlight the contribution of mobile genetic elements
to the pathogenic potential of Achromobacter species, the need for further studies to bet-
ter elucidate their clinical impact, and their potential to become antimicrobial targets in
treatment regimens.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-2
607/9/1/130/s1, Figure S1: Phylogenetic tree of phage Burkho Bcep176 tail sequence, Table S1:
Sampling timeline, Table S2: Assembly details, Table S3: Phage content details, Table S4: ICE and
IME content details.

Author Contributions: Conceptualization: A.S.; Methodology L.V.; Validation L.V. and G.M.; Formal
analysis L.V. and A.S.; Investigation L.V., A.S. and C.P.; Resources G.M. and M.M.L.; Data curation
L.V.; Writing—Original Draft Preparation L.V. and A.S.; Writing—Review & Editing C.P., P.M., G.M.
and M.M.L.; Visualization L.V. and A.S.; Supervision G.M. and M.M.L.; Project Administration G.M.
and M.M.L.; Funding Acquisition M.M.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the Italian Cystic Fibrosis Research Foundation (project
FFC#18/2019 adopted by Delegazione FFC di Novara, Messina, Lodi, Foggia, Olbia and by Gruppo
di sostegno FFC di Seregno and San Giovanni Rotondo).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the Centro Ricerca Clinica of
Verona (protocols codes CRCFC-CEPPO026 and CRCFC-CEPPO031).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The genomic sequences analyzed in this study are openly available in
NCBI SRA database within project number PRJEB40979.

Acknowledgments: We thank the Technological Platform Center of the University of Verona for pro-
viding the Genomic and Transcriptomic and Computational Platforms used for sequence generation
and analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lederberg, J.; Tatum, E.L. Gene recombination in Escherichia coli. Nature 1946, 158, 558. [CrossRef] [PubMed]
2. Zinder, N.D.; Lederberg, J. Genetic exchange in Salmonella. J. Bacteriol. 1952, 64, 679–699. [CrossRef] [PubMed]
3. Ochman, H.; Lawrence, J.G.; Groisman, E.A. Lateral gene transfer and the nature of bacterial innovation. Nature 2000, 405, 299–304.

[CrossRef] [PubMed]
4. Kurland, C.G.; Canback, B.; Berg, O.G. Horizontal gene transfer: A critical view. Proc. Natl. Acad. Sci. USA 2003, 100, 9658–9662.

[CrossRef]
5. Bordenstein, S.R.; Reznikoff, W.S. Mobile DNA in obligate intracellular bacteria. Nat. Rev. Microbiol. 2005, 3, 688–699. [CrossRef]
6. Sorensen, S.J.; Bailey, M.; Hansen, L.H.; Kroer, N.; Wuertz, S. Studying plasmid horizontal transfer in situ: A critical review. Nat.

Rev. Microbiol. 2005, 3, 700–710. [CrossRef]
7. Thomas, C.M.; Nielsen, K.M. Mechanisms of, and barriers to, horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 2005,

3, 711–721. [CrossRef] [PubMed]
8. Goldenfeld, N.; Woese, C. Biology’s next revolution. Nature 2007, 445, 369. [CrossRef]
9. Soucy, S.M.; Huang, J.L.; Gogarten, J.P. Horizontal gene transfer: Building the web of life. Nat. Rev. Genet. 2015, 16, 472–482.

[CrossRef] [PubMed]

https://www.mdpi.com/2076-2607/9/1/130/s1
https://www.mdpi.com/2076-2607/9/1/130/s1
http://doi.org/10.1038/158558a0
http://www.ncbi.nlm.nih.gov/pubmed/21001945
http://doi.org/10.1128/JB.64.5.679-699.1952
http://www.ncbi.nlm.nih.gov/pubmed/12999698
http://doi.org/10.1038/35012500
http://www.ncbi.nlm.nih.gov/pubmed/10830951
http://doi.org/10.1073/pnas.1632870100
http://doi.org/10.1038/nrmicro1233
http://doi.org/10.1038/nrmicro1232
http://doi.org/10.1038/nrmicro1234
http://www.ncbi.nlm.nih.gov/pubmed/16138099
http://doi.org/10.1038/445369a
http://doi.org/10.1038/nrg3962
http://www.ncbi.nlm.nih.gov/pubmed/26184597


Microorganisms 2021, 9, 130 9 of 10

10. Frost, L.S.; Leplae, R.; Summers, A.O.; Toussaint, A. Mobile genetic elements: The agents of open source evolution. Nat. Rev.
Microbiol. 2005, 3, 722–732. [CrossRef] [PubMed]

11. Chen, I.; Dubnau, D. DNA uptake during bacterial transformation. Nat. Rev. Microbiol. 2004, 2, 241–249. [CrossRef] [PubMed]
12. Rankin, D.J.; Rocha, E.P.C.; Brown, S.P. What traits are carried on mobile genetic elements, and why? Heredity 2011, 106, 1–10.

[CrossRef] [PubMed]
13. Wozniak, R.A.F.; Waldor, M.K. Integrative and conjugative elements: Mosaic mobile genetic elements enabling dynamic lateral

gene flow. Nat. Rev. Microbiol. 2010, 8, 552–563. [CrossRef] [PubMed]
14. Johnson, C.M.; Grossman, A.D. Integrative and Conjugative Elements (ICEs): What They Do and How They Work. Annu. Rev.

Genet. 2015, 49, 577–601. [CrossRef] [PubMed]
15. Botelho, J.; Schulenburg, H. The Role of Integrative and Conjugative Elements in Antibiotic Resistance Evolution. Trends

Microbiol. 2020. [CrossRef]
16. Bellanger, X.; Payot, S.; Leblond-Bourget, N.; Guedon, G. Conjugative and mobilizable genomic islands in bacteria: Evolution and

diversity. FEMS Microbiol. Rev. 2014, 38, 720–760. [CrossRef]
17. Partridge, S.R.; Kwong, S.M.; Firth, N.; Jensen, S.O. Mobile Genetic Elements Associated with Antimicrobial Resistance. Clin.

Microbiol. Rev. 2018, 31, e00088-17.
18. Philippon, A.; Arlet, G.; Jacoby, G.A. Plasmid-determined AmpC-type beta-lactamases. Antimicrob. Agents Chemother. 2002,

46, 1–11. [CrossRef]
19. Yates, C.M.; Shaw, D.J.; Roe, A.J.; Woolhouse, M.E.J.; Amyes, S.G.B. Enhancement of bacterial competitive fitness by apramycin

resistance plasmids from non-pathogenic Escherichia coli. Biol. Lett. UK 2006, 2, 463–465. [CrossRef]
20. Martinez, J.L. Antibiotics and antibiotic resistance genes in natural environments. Science 2008, 321, 365–367. [CrossRef]
21. Martinez, J.L. The role of natural environments in the evolution of resistance traits in pathogenic bacteria. Proc. R. Soc. B Biol. Sci.

2009, 276, 2521–2530. [CrossRef]
22. Senadheera, D.B.; Cordova, M.; Ayala, E.A.; de Paz, L.E.C.; Singh, K.; Downey, J.S.; Svensater, G.; Goodman, S.D.; Cvitkovitch,

D.G. Regulation of Bacteriocin Production and Cell Death by the VicRK Signaling System in Streptococcus mutans. J. Bacteriol.
2012, 194, 1307–1316. [CrossRef]

23. Brown, S.P.; Inglis, R.F.; Taddei, F. Evolutionary ecology of microbial wars: Within-host competition and (incidental) virulence.
Evol. Appl. 2009, 2, 32–39. [CrossRef]

24. Botelho, J.; Mourao, J.; Roberts, A.P.; Peixe, L. Comprehensive genome data analysis establishes a triple whammy of carbapene-
mases, ICEs and multiple clinically relevant bacteria. Microb. Genom. 2020, 6. [CrossRef]

25. Hansen, C.R.; Pressler, T.; Nielsen, K.G.; Jensen, P.O.; Bjarnsholt, T.; Hoiby, N. Inflammation in Achromobacter xylosoxidans
infected cystic fibrosis patients. J. Cyst. Fibros. 2010, 9, 51–58. [CrossRef]

26. Firmida, M.C.; Pereira, R.H.V.; Silva, E.A.S.R.; Marques, E.A.; Lopes, A.J. Clinical impact of Achromobacter xylosoxidans
colonization/infection in patients with cystic fibrosis. Braz. J. Med. Biol. Res. 2016, 49, e5097. [CrossRef] [PubMed]

27. Ridderberg, W.; Nielsen, S.M.; Norskov-Lauritsen, N. Genetic Adaptation of Achromobacter sp. during Persistence in the Lungs
of Cystic Fibrosis Patients. PLoS ONE 2015, 10, e0136790. [CrossRef]

28. Oliver, A.; Canton, R.; Campo, P.; Baquero, F.; Blazquez, J. High frequency of hypermutable Pseudomonas aeruginosa in cystic
fibrosis lung infection. Science 2000, 288, 1251–1254. [CrossRef] [PubMed]

29. Lambiase, A.; Catania, M.R.; del Pezzo, M.; Rossano, F.; Terlizzi, V.; Sepe, A.; Raia, V. Achromobacter xylosoxidans respiratory
tract infection in cystic fibrosis patients. Eur. J. Clin. Microbiol. 2011, 30, 973–980. [CrossRef]

30. Pereira, R.H.V.; Carvalho-Assef, A.P.; Albano, R.M.; Folescu, T.W.; Jones, M.C.M.F.; Leao, R.S.; Marques, E.A. Achromobacter
xylosoxidans: Characterization of Strains in Brazilian Cystic Fibrosis Patients. J. Clin. Microbiol. 2011, 49, 3649–3651. [CrossRef]

31. Hu, Y.; Zhu, Y.; Ma, Y.; Liu, F.; Lu, N.; Yang, X.; Luan, C.; Yi, Y.; Zhu, B. Genomic insights into intrinsic and acquired drug
resistance mechanisms in Achromobacter xylosoxidans. Antimicrob. Agents Chemother. 2015, 59, 1152–1161. [CrossRef]

32. Doring, G.; Conway, S.P.; Heijerman, H.G.M.; Hodson, M.E.; Hoiby, N.; Smyth, A.; Touw, D.J.; Comm, C. Antibiotic therapy
against Pseudomonas aeruginosa in cystic fibrosis: A European consensus. Eur. Respir. J. 2000, 16, 749–767. [CrossRef]

33. Jain, C.; Rodriguez-R, L.M.; Phillippy, A.M.; Konstantinidis, K.T.; Aluru, S. High throughput ANI analysis of 90K prokaryotic
genomes reveals clear species boundaries. Nat. Commun. 2018, 9, 5114. [CrossRef]

34. Treangen, T.J.; Ondov, B.D.; Koren, S.; Phillippy, A.M. The Harvest suite for rapid core-genome alignment and visualization of
thousands of intraspecific microbial genomes. Genome Biol. 2014, 15, 524. [CrossRef]

35. Veschetti, L.; Sandri, A.; Johansen, H.K.; Lleo, M.M.; Malerba, G. Hypermutation as an Evolutionary Mechanism for Achromobac-
ter xylosoxidans in Cystic Fibrosis Lung Infection. Pathogens 2020, 9, 72. [CrossRef]

36. Arndt, D.; Grant, J.R.; Marcu, A.; Sajed, T.; Pon, A.; Liang, Y.J.; Wishart, D.S. PHASTER: A better, faster version of the PHAST
phage search tool. Nucleic Acids Res. 2016, 44, W16–W21. [CrossRef]

37. Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL): An online tool for phylogenetic tree display and annotation. Bioinformatics.
2007, 1, 127. [CrossRef]

38. Liu, M.; Li, X.B.; Xie, Y.Z.; Bi, D.X.; Sun, J.Y.; Li, J.; Tai, C.; Deng, Z.X.; Ou, H.Y. ICEberg 2.0: An updated database of bacterial
integrative and conjugative elements. Nucleic Acids Res. 2019, 47, D660–D665. [CrossRef] [PubMed]

39. Siguier, P.; Perochon, J.; Lestrade, L.; Mahillon, J.; Chandler, M. ISfinder: The reference centre for bacterial insertion sequences.
Nucleic Acids Res. 2006, 34, D32-6. [CrossRef] [PubMed]

http://doi.org/10.1038/nrmicro1235
http://www.ncbi.nlm.nih.gov/pubmed/16138100
http://doi.org/10.1038/nrmicro844
http://www.ncbi.nlm.nih.gov/pubmed/15083159
http://doi.org/10.1038/hdy.2010.24
http://www.ncbi.nlm.nih.gov/pubmed/20332804
http://doi.org/10.1038/nrmicro2382
http://www.ncbi.nlm.nih.gov/pubmed/20601965
http://doi.org/10.1146/annurev-genet-112414-055018
http://www.ncbi.nlm.nih.gov/pubmed/26473380
http://doi.org/10.1016/j.tim.2020.05.011
http://doi.org/10.1111/1574-6976.12058
http://doi.org/10.1128/AAC.46.1.1-11.2002
http://doi.org/10.1098/rsbl.2006.0478
http://doi.org/10.1126/science.1159483
http://doi.org/10.1098/rspb.2009.0320
http://doi.org/10.1128/JB.06071-11
http://doi.org/10.1111/j.1752-4571.2008.00059.x
http://doi.org/10.1099/mgen.0.000424
http://doi.org/10.1016/j.jcf.2009.10.005
http://doi.org/10.1590/1414-431X20155097
http://www.ncbi.nlm.nih.gov/pubmed/26909788
http://doi.org/10.1371/journal.pone.0136790
http://doi.org/10.1126/science.288.5469.1251
http://www.ncbi.nlm.nih.gov/pubmed/10818002
http://doi.org/10.1007/s10096-011-1182-5
http://doi.org/10.1128/JCM.05283-11
http://doi.org/10.1128/AAC.04260-14
http://doi.org/10.1034/j.1399-3003.2000.16d30.x
http://doi.org/10.1038/s41467-018-07641-9
http://doi.org/10.1186/s13059-014-0524-x
http://doi.org/10.3390/pathogens9020072
http://doi.org/10.1093/nar/gkw387
http://doi.org/10.1093/bioinformatics/btl529
http://doi.org/10.1093/nar/gky1123
http://www.ncbi.nlm.nih.gov/pubmed/30407568
http://doi.org/10.1093/nar/gkj014
http://www.ncbi.nlm.nih.gov/pubmed/16381877


Microorganisms 2021, 9, 130 10 of 10

40. Traglia, G.M.; Almuzara, M.; Merkier, A.K.; Adams, C.; Galanternik, L.; Vay, C.; Centron, D.; Ramirez, M.S. Achromobacter
xylosoxidans: An emerging pathogen carrying different elements involved in horizontal genetic transfer. Curr. Microbiol. 2012,
65, 673–678. [CrossRef]

41. Clokie, M.R.; Millard, A.D.; Letarov, A.V.; Heaphy, S. Phages in nature. Bacteriophage 2011, 1, 31–45. [CrossRef]
42. Jeukens, J.; Freschi, L.; Vincent, A.T.; Emond-Rheault, J.G.; Kukavica-Ibrulj, I.; Charette, S.J.; Levesque, R.C. A Pan-Genomic

Approach to Understand the Basis of Host Adaptation in Achromobacter. Genome Biol. Evol. 2017, 9, 1030–1046. [CrossRef]
43. Palazzo, A.; Lorusso, P.; Miskey, C.; Walisko, O.; Gerbino, A.; Marobbio, C.M.T.; Ivics, Z.; Marsano, R.M. Transcriptionally

promiscuous “blurry” promoters in Tc1/mariner transposons allow transcription in distantly related genomes. Mob. DNA 2019,
10, 13. [CrossRef]

44. Ramage, H.R.; Connolly, L.E.; Cox, J.S. Comprehensive functional analysis of Mycobacterium tuberculosis toxin-antitoxin systems:
Implications for pathogenesis, stress responses, and evolution. PLoS Genet. 2009, 5, e1000767. [CrossRef] [PubMed]

45. Albrethsen, J.; Agner, J.; Piersma, S.R.; Hojrup, P.; Pham, T.V.; Weldingh, K.; Jimenez, C.R.; Andersen, P.; Rosenkrands, I. Proteomic
profiling of Mycobacterium tuberculosis identifies nutrient-starvation-responsive toxin-antitoxin systems. Mol. Cell Proteom. 2013,
12, 1180–1191. [CrossRef]

46. Miallau, L.; Jain, P.; Arbing, M.A.; Cascio, D.; Phan, T.; Ahn, C.J.; Chan, S.; Chernishof, I.; Maxson, M.; Chiang, J.; et al.
Comparative proteomics identifies the cell-associated lethality of M. tuberculosis RelBE-like toxin-antitoxin complexes. Structure
2013, 21, 627–637. [CrossRef]

47. Korch, S.B.; Contreras, H.; Clark-Curtiss, J.E. Three Mycobacterium tuberculosis Rel toxin-antitoxin modules inhibit mycobacterial
growth and are expressed in infected human macrophages. J. Bacteriol. 2009, 191, 1618–1630. [CrossRef]

48. Korch, S.B.; Malhotra, V.; Contreras, H.; Clark-Curtiss, J.E. The Mycobacterium tuberculosis relBE toxin:antitoxin genes are
stress-responsive modules that regulate growth through translation inhibition. J. Microbiol. 2015, 53, 783–795. [CrossRef]

49. De la Cruz, M.A.; Zhao, W.D.; Farenc, C.; Gimenez, G.; Raoult, D.; Cambillau, C.; Gorvel, J.P.; Meresse, S. A Toxin-Antitoxin
Module of Salmonella Promotes Virulence in Mice. PLoS Pathog. 2013, 9, e1003827. [CrossRef]

50. Kedzierska, B.; Hayes, F. Emerging Roles of Toxin-Antitoxin Modules in Bacterial Pathogenesis. Molecules 2016, 21, 790. [CrossRef]
51. Williams, J.J.; Hergenrother, P.J. Artificial activation of toxin-antitoxin systems as an antibacterial strategy. Trends Microbiol. 2012,

20, 291–298. [CrossRef] [PubMed]
52. Unterholzner, S.J.; Poppenberger, B.; Rozhon, W. Toxin-antitoxin systems: Biology, identification, and application. Mob. Genet.

Elem. 2013, 3, e26219. [CrossRef]
53. Jorgensen, M.G.; Pandey, D.P.; Jaskolska, M.; Gerdes, K. HicA of Escherichia coli Defines a Novel Family of Translation-Independent

mRNA Interferases in Bacteria and Archaea. J. Bacteriol. 2009, 191, 1191–1199. [CrossRef] [PubMed]
54. Jiang, Y.; Pogliano, J.; Helinski, D.R.; Konieczny, I. ParE toxin encoded by the broad-host-range plasmid RK2 is an inhibitor of

Escherichia coli gyrase. Mol. Microbiol. 2002, 44, 971–979. [CrossRef]
55. Mahillon, J.; Chandler, M. Insertion sequences. Microbiol. Mol. Biol. Rev. 1998, 62, 725–774. [CrossRef]

http://doi.org/10.1007/s00284-012-0213-5
http://doi.org/10.4161/bact.1.1.14942
http://doi.org/10.1093/gbe/evx061
http://doi.org/10.1186/s13100-019-0155-6
http://doi.org/10.1371/journal.pgen.1000767
http://www.ncbi.nlm.nih.gov/pubmed/20011113
http://doi.org/10.1074/mcp.M112.018846
http://doi.org/10.1016/j.str.2013.02.008
http://doi.org/10.1128/JB.01318-08
http://doi.org/10.1007/s12275-015-5333-8
http://doi.org/10.1371/journal.ppat.1003827
http://doi.org/10.3390/molecules21060790
http://doi.org/10.1016/j.tim.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22445361
http://doi.org/10.4161/mge.26219
http://doi.org/10.1128/JB.01013-08
http://www.ncbi.nlm.nih.gov/pubmed/19060138
http://doi.org/10.1046/j.1365-2958.2002.02921.x
http://doi.org/10.1128/MMBR.62.3.725-774.1998

	Introduction 
	Materials and Methods 
	Samples Collection and Identification 
	Genome Sequencing 
	Mobilome Analysis 

	Results 
	Phage Analysis 
	Insertion Sequences (ISs) Analysis 
	Integrative and Conjugative Elements (ICEs) and Integrative and Mobilizable Elements (IMEs) Analysis 

	Discussion 
	References

