suw  [nternational Journal of
Molecular Sciences

Review

Gene Transfer Potential of Outer Membrane Vesicles
of Gram-Negative Bacteria

Federica Dell’Annunziata 1t, Veronica Folliero *, Rosa Giugliano !, Anna De Filippis !, Cristina Santarcangelo 2,
Viviana Izzo 3, Maria Daglia 24, Massimiliano Galdiero 1, Carla Renata Arciola 56* and Gianluigi Franci *

Citation: Dell’Annunziata, F.;
Folliero, V.; Giugliano, R.; De
Filippis, A.; Santarcangelo, C.; Izzo,
V.; Daglia, M.; Galdiero, M.; Arciola,
C.R,; Franci, G. Gene Transfer
Potential of Outer Membrane
Vesicles of Gram-Negative Bacteria.
Int. ]. Mol. Sci. 2021, 22, 5985.
https://doi.org/10.3390/ijms22115985

Academic Editors: Baltasar Mayo

and Ana Belén Florez

Received: 5 May 2021

Accepted: 31 May 2021
Published: 1 June 2021
Publisher's Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(http://creativecommons.org/licenses

/by/4.0/).

license

Department of Experimental Medicine, University of Campania Luigi Vanvitelli, 80138 Naples,

Italy; federica.dellannunziata@unicampania.it (F.D.); veronica.folliero@unicampania.it (V.F.);

rosa.giugliano@unicampania.it (R.G.); anna.defilippis@unicampania.it (A.D.F.);

massimiliano.galdiero@unicampania.it (M.G.)

2 Department of Pharmacy, University of Naples Federico II, via Domenico Montesano 49,
80131 Naples, Italy; cristina.santarcangelo@unina.it (C.S.); maria.daglia@unina.it (M.D.)

3 Department of Medicine, Surgery and Dentistry Scuola Medica Salernitana, University of Salerno,
84081 Salerno, Italy; vizzo@unisa.it

4 International Research Center for Food Nutrition and Safety, Jiangsu University, Zhenjiang 212013, China

5 Laboratorio di Patologia delle Infezioni Associate all'Impianto, Research Unit on Implant Infections,
IRCCS Istituto Ortopedico Rizzoli, 40136 Bologna, Italy

¢ Department of Experimental, Diagnostic and Specialty Medicine, University of Bologna,

40126 Bologna, Italy

Correspondence: carlarenata.arciola@ior.it (C.R.A.); gfranci@unisa.it (G.F.)

1t These authors contributed equally.

Abstract: The increasing spread of multidrug-resistant pathogenic bacteria is one of the major
threats to public health worldwide. Bacteria can acquire antibiotic resistance and virulence genes
through horizontal gene transfer (HGT). A novel horizontal gene transfer mechanism mediated by
outer membrane vesicles (OMVs) has been recently identified. OMVs are rounded nanostructures
released during their growth by Gram-negative bacteria. Biologically active toxins and virulence
factors are often entrapped within these vesicles that behave as molecular carriers. Recently, OMVs
have been reported to contain DNA molecules, but little is known about the vesicle packaging,
release, and transfer mechanisms. The present review highlights the role of OMVs in HGT processes
in Gram-negative bacteria.
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1. Introduction

The advent of multidrug-resistant (MDR) bacteria represents a serious global public
health problem. Infections caused by MDR bacteria are second in the ranking of deadly
diseases in developing countries [1]. According to the World Health Organization
(WHO), approximately 700,000 people die from drug-resistant infections each year. In
addition, 10 million deaths are predicted every year until 2050 [2—4]. Many successful
bacterial infections are consequences of bacterial virulence mechanisms associated with
antimicrobial escape [5]. Bacteria can escape antibiotic treatment and adapt to adverse
environmental conditions through the development of different mechanisms of antibiotic
resistance, while virulence mechanisms are essential to suppress and overcome the host’s
defenses [6-9]. Several virulence factors and antibiotic-resistance genes can be transferred
via horizontal gene transfer (HGT) [10]. Bacteria have developed several efficient and
complex processes of HGT and currently, three are the most well-known mechanisms: (i)
natural transformation; (ii) transduction; (iii) conjugation [11,12]. The natural
transformation consists of the acquisition of free DNA from the environment, which is
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released from both living and dead cells [13]; the bacteria must be in a state of competence
in order to acquire extracellular DNA. Natural competence is an event that is highly
regulated, requiring more than 20 genes [14]. Approximately 1% of bacterial species are
naturally transformable [15]. The transduction involves bacteriophages that transfer DNA
to bacterial cells through infection. Bacteriophages can contain up to 100 kilobases of
DNA, and the infection is limited to host specificity [16]. Conjugation requires cell-to-cell
contact, mediated by the sexual pilus which connects donor cells with recipient cells.
Plasmid transfer systems are strictly dependent on the characteristics of the genetic
material to be transferred: conjugative plasmids contain genes necessary for pilus
formation, while mobilizable plasmids carry mobility genes and transfer origin, lacking
pilus coding genes [17,18]. Although these known mechanisms contribute to the gene flow
within bacteria, they have restrictions such as limited genetic load, host specificity, and
the kind of genetic material to be transferred. Recent studies have revealed a novel
mechanism for gene transfer via OMVs. OMVs are spherical nanostructures (20-250 nm)
naturally produced by Gram-negative bacteria [11,19,20]. These vesicles play crucial roles
in bacterial virulence, modulation of host immune response, and intracellular
communication [21-23]. Although these roles are widely studied, little is known about
HGT mediated by OMVs. The main purpose of the present review is to analyse the
available evidence for a thorough description of the implication of OMVs in the HGT
mechanism.

2. Methodology

The present review consists of the first literature collection on the HGT mediated by
OMVs secreted by Gram-negative bacteria. The purpose was to emphasize this novel
gene-transfer method to better understand the mechanisms underlying the spread of
antibiotic resistance. Various electronic databases were used for the literature search,
including PubMed and Google scholar mainly, followed by Scopus and the Web of
Science. For the complete article collection, the keywords used in the bibliographic
research were “outer membrane vesicles”, “OMVs biogenesis”, “OMVs composition”,
“OMVs roles”, “horizontal gene transfer”, “bacterial evolution”, transformation”,
“transduction”, “conjugation”, “Gram-negative bacteria”, “antibiotic resistance”, and
“resistance genes spreads”. The selection of articles was based on two main criteria: (i)
more recent studies concerning the structure, composition, and function of OMVs; (ii) all
experimental evidence regarding HGT-OMVs. Based on the chosen criteria, 126 articles
published up to 2021 were found to be suitable. Of these articles, 91 were selected,
summarized and critically discussed in order to provide a coherent review. Figure 1
illustrates the PRISMA flowchart for study selection. The following sections discuss all
the evidence currently available regarding HGT-OMVs and their impact on gene
resistance spread.
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Figure 1. PRISMA flow diagram for the process of the study selection.

3. OMVs: An Overview from Structure to Function

3.1. Composition of the OMV’s

OMVs (Figure 2) are spherical bi-layered membrane nanostructures (50-500 nm),
secreted by Gram-negative bacteria through bulging and ‘pinching off’ of the outer
membrane [19]. Purification techniques have revealed the specific proteins and lipid
composition of these vesicles [24]. The OMV membrane consists of lipopolysaccharide
(LPS), phospholipids, membrane proteins, and peptidoglycan components, which mostly
compose the structure of the outer membrane [25]. The lumen of the vesicles contains
periplasmic proteins, cytosolic components, and nucleic acids [26]. The composition of
OMVs is modulated by growth conditions and is also highly influenced from the
interactions between host cells and bacteria [27,28].
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Figure 2. Typical composition of vesicles of OMV. Created with BioRender.com.

3.1.1. Protein Components

Several studies have demonstrated the presence within OMVs of outer membrane
proteins, periplasmic proteins, and different virulence factors, engaged in the adhesion
and invasion of cell hosts [29]. The advancement in proteomics techniques allowed the
identification of more than 3500 proteins with different functions [30]. The identified pro-
teins can be clustered in two main categories: (i) proteins of the outer membrane; and (ii)
cargo proteins in the lumen. The first group mainly includes outer membrane proteins
such as porins, components of transport systems, adhesins, phospholipases, and prote-
ases. The porins widely identified in Pseudomonas aeruginosa OMVs were OprF and
OprH/OprG [31]. In Neisseria meningitidis OMVs, porin A, factor H binding protein, and
opacity-associated protein C represent the largest protein fraction [32]. Outer membrane
phospholipase A was observed in the OMVs of Shigella flexneri [33]. OMVs from Treponema
denticola contain active proteases that cause damage to host cells [34]. On the other hand,
the second group mainly consists of toxins, such as the cholera toxin of Vibrio cholerae,
cytolysin A of enterotoxic Escherichia coli, vacuolating cytotoxin of Helicobacter pylori, cy-
tolethal distending toxin from Campylobacter jejuni [35], and enzymes such as proteases,
glycosidases, and ureases [36].

3.1.2. Lipid Components

Lipids play an essential role in the structure of OMVs and consist of phospholipids
and lipopolysaccharides. While phospholipids constitute the inner sheet of the outer
membrane, LPS is exclusively located on the outside surface of the outer membrane. Sev-
eral studies have shown that the phospholipid content changes among various Gram-neg-
ative bacteria [37]. The phospholipid content of Escherichia coli OMVs consists mainly of
phosphatidylethanolamine, phosphatidylglycerol, and lyso-phosphatidylethanolamine
[38]. N. meningitidis OMVs mostly include phosphatidylglycerol and phosphatidylethan-
olamine [32]. In P. aeruginosa, the OMVs phosphatidylglycerol and stearic acid are abun-
dantly detected, proving greater rigidity of the vesicles [39]. Helicobacter pylori OMVs have
cardiolipin as the main lipid component [29]. The type of LPS band present on OMVs
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depends on the site of vesicle budding [19]. LPS possesses two distinct types of O poly-
saccharide, LPS of bands A and B. Their different chemical composition confers distinct
surface and antigenic properties. Usually, A- and B-band LPS are present in the outer
membrane [40]. In OMVs of P. aeruginosa, only B-band LPS are found, while in Porphy-
romonas gingivalis, OMVs are composed of A-band LPS [41].

3.1.3. Nucleotide Component

OMVs carry DNA and RNA on their surface or in the vesicular lumen. A clear dif-
ference can be observed by OMV treatment with DNase and RNase: luminal DNA and
RNA are preserved even after the enzymatic treatment [40,42]. Several studies showed
the presence of DNA in the OMV lumen of Escherichia coli [43], Neisseria gonorrhoeae [44],
P. aeruginosa [45], Acinetobacter baumannii [46], etc. Small RNA sequences were detected in
Vibrio cholerae and P. aeruginosa OMVs [47,48]. Koeppen et al. demonstrated that OMV-
associated small RNA contributes to the pathogenicity of P. aeruginosa by reducing the
host's immune response [48]. Furuse et al. have recently identified tRNA fragments in the
OMVs of Chlamydia and Legionella strains, involved in direct subversion of host gene trans-
lation and mRNA stability [49]. Although novel information on this topic is piling up at a
steady pace, nucleic acid incorporation mechanisms remain to be elucidated.

3.1.4. Biogenesis

OMV biogenesis occurs through a budding process from the outer membrane [19]. Three
different models for OMV production have been proposed based on several biochemical and
genetical studies [50]. In the first model, Burdett et al. suggested that the absence or transfer of
covalent links between the outer membrane and peptidoglycan layer promotes vesiculation
[51]. Mutations in Braun lipoprotein [52], the Tol-Pal system of Escherichia coli [53], and RmpM
of N. meningitidis [54] demonstrated the importance of the outer membrane peptidoglycan-
linking structures to increase OMV production. The second model showed that the accumu-
lation of peptidoglycan fragments or poorly folded proteins in periplasmic space exert pres-
sure on the outer membrane, determining the curvature of the membrane and final budding
[25]. In the third model, Mashburn et al. identified molecules that induce the curvature of the
membrane such as the Pseudomonas quinolone signal (PQS) and the B-band lipopolysaccha-
ride [55,56]. PQS acts not only as a vesiculation-inducing signal but also as a direct effector of
OMV formation [57]. Mashburn et al. demonstrated that PSQ induces membrane curvature,
binding phospholipids and lipopolysaccharides [58]. Sequestration of positively charged com-
pounds (Mg? and Ca? salt) by PQS causes anionic repulsion of lipopolysaccharides, increas-
ing vesiculations [59]. Further, the presence of B-band lipopolysaccharide in P. aeruginosa con-
tributes to the curvature of the membrane, inducing the repulsion of lipopolysaccharides [60].
Berry et al. demonstrated that a cell-wall mutant of P. aeruginosa, unable to synthesize B-band
LPS, exhibited impaired OMV production [61]. The biogenesis of vesicles begins during the
exponential growth phase, reaching a maximum peak in the stationary growth phase [29,40].
However, several factors (temperature, culture medium, presence of antibiotics) qualitatively
and quantitatively influence the production of OMVs. Baumgarten et al. showed that the pro-
duction of Pseudomonas putida OMVs under thermal stress conditions (grown at 55 °C) was
substantially increased [39]. In the study by Bauwens et al., the vesiculation was increased in
response to nutrient limitation and exposure to chemical or physical stress-inducing factors;
this increase in vesiculation represents an adaptation mechanism to the host environment dur-
ing infection [62]. These studies indicate that bacteria developed the OMV production mech-
anism as a part of stress response to ensure bacterial survival [63].

3.2. Biological Functions

Several biological functions are attributed to the OMVs. These vesicles represent a
long-distance delivery system of biomolecules, such as nucleic acids, enzymes, toxins, and
virulence factors, protecting them from extracellular degradation and dilution.
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Vesiculation allows intraspecies and interspecies communications and contributes to
interaction with the host [21]. In addition, OMVs are involved in the acquisition of nutri-
ents, stress responses, and the formation of a microenvironment necessary for the survival
of pathogens [28,64,65]. The packaging of proteases, phosphatase, and glycosidases in
OMVs plays an important role in the degradation of complex molecules, promoting nu-
trient availability [36]. Evans et al. have shown that alkaline phosphatase in Myxococcus
xanthus OMVs causes the release of phosphate, contributing to the development of multi-
cellular communities [66]. In addition, proteins and DNA associated with the OMV sur-
face represent a source of carbon and nitrogen during bacterial growth [53].

OMVs participate in the formation of the biofilm matrix by the release of exopolysac-
charides, thus increasing cell co-aggregation [55,67]. P. aeruginosa is able to form biofilms
and cause surgical site infections, orthopedic peri-implant bone infections, and lung in-
fection in cystic fibrosis patients. Cooke et al. showed that the Pseudomonas quinolone sig-
nal (PQS) induces OMV formation in P. aeruginosa and in other species of the Pseudomonas
genus through a biophysical mechanism that is highly dynamic during biofilm develop-
ment. Noticeably, OMV synthesis is significantly elevated during dispersion, compared
to attachment and maturation stages, so the authors suggested that PQS-induced OMVs
enhance biofilm dispersion in P. geruginosa infections, thus promoting biofilm dissemina-
tion [68]. Seike et al. purified OMVs from several Aeromonas species and examined their
effect on biofilm formation. They found that the addition of OMVs promoted biofilm for-
mation in a dose-dependent manner (except for one strain, which turned out to be non-
producer). These results suggest that the OMVs released from the bacterial cells are
closely related to the biofilm formation of the Aeromonas genus [69]. OMVs play important
roles in microbial virulence and in modulating the host immune response [28]. PQS bio-
synthetic and receptor mutant biofilms were significantly impaired in their ability to dis-
perse, but this phenotype could be rescued by genetic complementation or exogenous ad-
dition of PQS. Finally, OMVs participate in extracellular protein, lipid, and nucleotide
degradation. Thus, PQS-induced vesiculation could play an essential role in the degrada-
tion of biofim matrix components, facilitating cell escape. Toledo et al. reported that phos-
phoenolpyruvate, present in the vesicular lumen, induced biofilm degradation, contrib-
uting to the colonization of the host by the bacterium [70]. Baarda et al. showed that N.
gonorrhoeae OMVs sequester antibodies in the surrounding environment, protecting bac-
teria from the opsonization process [71]. The bacterium—host interactions trigger the re-
lease of OMVs, which carry toxins and adhesion and virulence factors [72]. Kuehn et al.
showed that the vesicles implement the adhesion of bacteria to the surface of the host cells,
acting as a bridge [73]. Bielaszewska et al. demonstrated that OMVs increase the adhesion
of bacteria to the intestinal epithelium, aiding them to resist physical elimination [74].
Toxins and virulence factors carried by OMVs are more active than their soluble forms
[25]. The Shiga toxin in Escherichia coli OMVs efficiently inhibits eukaryotic protein syn-
thesis compared to the soluble form [62]. OMVs contain several pathogenic molecular pat-
terns, including porins and lipopolysaccharides [75]. These strongly modulate the im-
mune response, leading the production of cytokines and chemokines, which induce the
activation of the inflammatory response [76,77].

In addition to the reported functions, OMVs have recently been recognized as gene
transfer vectors [78]. Several studies have detected plasmids, chromosomal DNA frag-
ments, bacteriophage DNA and RNA fragments in OMVs [22,79-81]. Therefore, in the
following section, recent evidence on the role of OMVs as carriers for horizontal gene
transfer will be reported.

4. Horizontal Gene Transfer Mediated by OMVs

Gene transfer can occur via proven processes of transformation, conjugation, and
transduction, as well as through recently identified OMV-mediated mechanisms (Figure
3) [13]. Few studies have evaluated the gene transfer potential of OMVs (Table 1).
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Figure 3. Horizontal gene transfer mediated by OMVs. (1) DNA is released through OMVs from
donor cells in the surrounding environment; (2) OMVs merge with the outer membrane of the re-
cipient cell; and (3) genetic material migrates into the cytoplasm giving the bacterium new adaptive
capacities through the expression of the genetic material acquired [19]. Created with BioRen-
der.com.

Table 1. Experimental studies of horizontal gene transfer mediated by OMVs.

Donor Bacterial Species Genetic Material Transferred Recipient Bacterial Cells References
Escherichia coli O157: H7 stx1 stx2 and eae and uidA Escherichia coli J]M109 [43]
Escherichia coli ]M1
Escherichia coli O157: H7 eaeA, stx1, stx2, hlyCA, L7095, and mobA scherichia coli ]M. 0.9' [82]
Salmonella enteritidis
Acinetobacter baylyi lasmid pMU125 Escherichia coli [83]
vy P P Acinetobacter baylyi
Porphyromonas gingivalis fimA and sod Porphyromonas. gingivalis [84]
Acinetobacter baumannii blaoxa-24 Acinetobacter baumannii [85]
Acinetobacter b i
Acinetobacter baumannii blanpm cinetopacter Dauman, [46]
Escherichia coli
Thermus thermophilus plasmid pMKpnqosYFP Thermus thermophilus [86]
. Pseudomonas aeruginosa,
P lasmid pAK1 7
seudomonas aeruginosa plasmid p 900 Escherichia coli [87]
2 y
Escherichia coli plasmids pLC291, pUC19, and pZS2501 CTOMOTAS Deromt, [88]

Enterobacter cloacae, Escherichia coli

Kolling et al. were the first to identify OMVs as gene transfer vectors. In this study,
OMVs from Escherichia coli O157:H7 were purified, and the DNA content was evaluated.
The vesicles were treated with DNase to demonstrate the intravesicular gene localization.
Polymerase chain reaction (PCR) data revealed the presence of the eae, uidA, stx1, and stx2
virulence genes in the luminal space. These genes were transferred to Escherichia coli
JM109 through OMV-recipient cell contact. HGT was proved through PCR amplification
of virulence genes in transformed Escherichia coli J]M109 [43]. These first findings laid the
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foundations for other investigations, deepening the role of OMVs in gene transfer mech-
anisms.

Yaron et al. proved that genetic exchanges through OMVs can also occur between
bacteria of different species. In this study, OMVs were isolated from a culture supernatant
of Escherichia coli O157:H7. DNase treatment and PCR analysis allowed the intravesicular
detection of the chromosomal genes eaeA and uidA, genes stx1 and stx2 of bacteriophage
origin, and of hlyCA, L7095, and mobA, associated with pO157, pO157, and p4821 plas-
mids, respectively. Transformation experiments were performed, using Escherichia coli
JM109 and Salmonella enterica serovar Enteritidis as recipient cells, and target genes were
determined by colony PCR amplification. The acquisition of virulence genes in the recip-
ient cells resulted in an increase in pathogenicity; the latter was assessed by Vero cell as-
say. Vero cells were treated with transformed and untransformed bacteria, and the cyto-
toxic effect was evaluated. The transformed recipient strains induced a cytotoxicity six
times higher than the unprocessed strains, indicating the expression of virulence factors
only in transformed strains. This study proved a transfer independent of the phylogenetic
correlation between donor and recipient cells [82].

Besides E. coli, other Gram-negative species exploit OMVs as HGT vectors. Ho et al.
proved that P. gingivalis OMVs mediated the transfer of virulence genes between mem-
bers of the same species. Genes encoding the major subunit of long fimbriae (fimA) and
superoxide dismutase (sod) were detected in the vesicular lumen by PCR analysis, sug-
gesting possible preferential DNA packaging. OMV-HGT experiments were conducted
using a mutant P. gingivalis 49,417, obtained by introducing a 2.1 Kb segment of the ermF-
ermAM gene into the fimA gene, which conferred resistance to erythromycin. The pro-
duced OMVs transferred both virulence and erythromyecin resistance genes to sensitive
strains of P. gingivalis 33,277. These findings indicated the OMVs act as an offensive arm
of P. gingivalis in the host oral cavity [84].

The involvement of OMVs in the spread of resistance genes was only revealed 10
years later. Rumbo et al. identified for the first time OMVs as vectors of antibiotic re-
sistance gene transfer. In this study, two carbapenem-resistant clinical strains of A. bau-
mannii, which carry the plasmid-borne blaoxa2: gene, were used to purify OMVs. DNase
treatment and dot-blot experiments demonstrated the presence of the blaoxa-24 gene within
OMVs from carbapenem-resistant clinical strains. Vesicular contact with carbapenem-sen-
sitive A. baumannii induced total resistance to carbapenems. PCR amplification of blaoxa-4
gene and minimal inhibitory concentration (MIC) values of imipenem, meropenem, and
doripenem for the transformed strain were estimated. The presence of genes and in-
creased MIC value (>32 ug) confirmed the acquisition of resistance. Time-response exper-
iments revealed that the transformation occurs within 3 h of incubation and increases to
24 h, reaching a plateau [85]. Chatterjee et al. also supported the transfer of antibiotic re-
sistance genes through OMVs. They considered the transmission of the New Delhi
metallo-B-lactamase-1 (blanpm-1) gene via lipidic vesicles released from A. baumannii strain
A_115. DNase treatment, PCR, and dot-blot analysis proved the presence of the blanom-1
gene in the vesicular lumen. The transformation of -lactam sensitive strains of A. bau-
mannii and Escherichia coli JM109 was conducted with different amounts of OMVs. The
number of transformants grew at increasing OMVs amounts, added to the receiving cells.
The highest transformation efficiency (4.62 x 10° CFU/mL) was recorded following the
treatment of A. baumannii ATCC 19606 with 50 pug of OMVs. No transformants were at-
tained when free plasmid was incubated with {3-lactam sensible strains, proving that the
transfer was mediated exclusively by the vesicle. The recipient cells were positive for the
blanom-1 gene and exhibited a broad profile of resistance to [3-lactam antibiotics, recording
higher MIC values, compared to untransformed strains. Moreover, the EcoRI plasmid di-
gestion profile of plasmids isolated from transformed strains overlapped with the one
isolated from A. baumannii A_115. This study demonstrated the intra-species and inter-
species transfer of a whole plasmid via OMVs [46].
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DNA packaging into vesicular lumens protected it from adverse environmental con-
ditions, demonstrating an additional bacterial survival advantage associated with OMV-
HGT. For instance, the vesicles ensure gene transfer in thermal environments. Under these
conditions, the integrity of the extracellular DNA is compromised by the high tempera-
tures and the action of DNase. In Thermus thermophilus, the mechanisms of transformation
and conjugation mainly participate in HGT. Blesa et al. detected another transformation
pathway based on OMVs. The vesicles from Thermus thermophilus, transformed with the
PMKpnqosYFP plasmid, were purified. After DNase treatment of OMVs, plasmid integ-
rity in the vesicles was evaluated through agarose gel electrophoresis and HindIlII plasmid
digestion. Vesicular plasmid integrity was not compromised, which indicates that OMVs
provide protection for the DNA within them. Transformation experiments were con-
ducted using ApilQ and ApilA4 Thermus thermophilus as recipient strains. In the thermal
environments and in the presence of DNase, OMVs increased the frequency of transfor-
mation, compared to free DNA. These findings support the role of OMVs as vehicles for
HGT under adverse conditions [86].

Despite different studies that have shown a high gene transfer potential of OMVs,
Renelli et al. suggested that vesicles carry the genetic material but do not promote an ef-
fective transformation. OMVs produced by P. aeruginosa PAOI1, transformed with the
PAK1900 plasmid (p-OMVs), were isolated and analyzed for their DNA content. DNase
treatment and fluorometric analysis detected DNA in the vesicular lumen of p-OMV. PCR
amplification of plasmid (pAK1900) and chromosomal (oprL) sequences indicated the
presence of only plasmid DNA within vesicles. The transformation experiments were per-
formed using P. aeruginosa PAO1 and Escherichia coli DH5a as recipient strains. PCR re-
sults showed that p-OMVs were unable to transform the PAO1 and DHb5a strains. The
author speculated that p-OMVs transferred the plasmid into the periplasm of recipient
cells, which does not by-pass the plasma membrane for efficient transformation [87].

Factors Affecting Horizontal Gene Transfer Mediated by OMV

Although previous studies have highlighted the role of OMVs in HGT, the mecha-
nisms underlying the transfer and the factors influencing the process are not yet clear
[89,79]. Few studies have been conducted to understand these aspects.

Tran et al. evaluated the role of plasmid type and recipient/donor strains on gene
transfer rates. In this research, Escherichia coli strains were transformed with pLC291,
pUC19, and pZS2501 plasmids, and OMVs were purified. The selected plasmids had sim-
ilar size but different replication origin. pLC291 and pUC19 are high-copy number plas-
mids, while pZ52501 is a low-copy plasmid. The three plasmids were proved to be present
in Escherichia coli OMVs through PCR analysis. The protein content of the three vesicles
was similar, but only vesicles containing pZS52501 showed an increased size. The incorpo-
ration rate of plasmid in the OMVs was evaluated by real time PCR analysis. The low-
copy number plasmid had a low loading capacity; in particular, 0.49 x 103 copies per pg
of vesicle protein were detected. The high-copy number pLC291 and pUC19 plasmids
showed a high loading potential with 2.58 x 10° and 482.7 x 10% plasmid copies per pg of
OMVs protein, respectively. These findings showed that plasmid features influenced ves-
icle diameter and plasmid loading. Furthermore, they investigated whether the OMVs
released by different recipient strains were endowed with different characteristics. In a
transformation experiment, Aeromonas veronii, Enterobacter cloacae, and Escherichia coli
were used as recipient strains. Escherichia coli, transformed with the pLC291 plasmid, was
used as the donor strain. Purified vesicles from different recipient strains contained the
same protein and plasmid amounts and had a similar size. In addition, they evaluated the
potential of OMVs to perform interspecies gene transfer. The vesicles containing pLC291,
isolated from Aeromonas veronii, Enterobacter cloacae, and Escherichia coli, were exploited to
induce the transformation of five different recipient strains, i.e., Aeromonas veronii, Enter-
obacter cloacae, Escherichia coli, Chromobacterium violaceum, and P. aeruginosa. The time to
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plasmid transfer was quantified for each donor/recipient strain. Aeromonas veronii trans-
ferred pLC291 via OMVs to different recipient strains in less time. P. aeruginosa acquired
antibiotic resistance in a shorter time, regardless of the donor species. Aeromonas veronii
received the plasmid faster than Enterobacter cloacae, Escherichia coli, and Chromobacterium
violaceum. These results showed that the ability to acquire DNA may depend on the spe-
cies of the donor/recipient bacteria [88].

In a subsequent investigation, Tran et al. evaluated more closely the effect of plasmid
features, such as plasmid copy number, size, and origin of replication on OMV-mediated gene
transfer. Three specific point mutations in the pSC101 plasmid origin of the replication were
introduced to increase the number of copies. pSC101*, pSC101*, and pSC101++ with increasing
numbers of copies were electroporated into the donor Escherichia coli strains. Increased plas-
mid copy number did not affect the size and the amount of OMVs purified but changed the
number of plasmids loaded into vesicles. Transfer experiments showed that the plasmid trans-
fer time decreased by increasing the plasmid copy number. In addition, this study assessed
the impact of plasmid size on vesicle loading. Four plasmids of different sizes, based on the
plasmid pLC291, were generated through the insertion of non-functional lambda phage DNA.
The obtained plasmids had dimensions of 3.5, 7, 10, and 15 kb, named pLC-3.5, pLC-7, pLC10,
and pLC15, respectively. Strains of Escherichia coli were transformed with each plasmid, and
OMVs were purified. OMV production scarcely increased as the plasmid dimensions in-
creased. Dynamic light scattering analysis showed that vesicle dimension was independent of
the plasmid size. Moreover, qPCR results showed that the plasmid size inversely affected the
number of plasmid copies in the vesicle. To assess the impact of plasmid origin on OMV pro-
duction, they constructed three plasmids based on plasmid pLC291, with the same size
(3.5 kb) but different origins: pMB1, pLC with dual origins of RK2 and ColE1, and SC101. The
vesicles purified from Escherichia coli transformed with each plasmid were analyzed. The pro-
duction and size of the vesicles were similar among OMVs with different origins. The pack-
aging was different for each type of plasmid (pMB1, pLC, and SC101): 364.45 x 10° copies per
pg of vesicle protein for the plasmid origin pMB1, while 3.13 x 10° and 1.12 x 10° copies per pg
of vesicle protein for pLC and SC101 were observed, respectively. OMV-mediated gene trans-
fer experiments were conducted, using Escherichia coli as recipient strains, and the same
amounts of OMVs were added. The gene transfer rate was strongly influenced by the plasmid
origin of replication. In particular, vesicles including pLC plasmids had a transfer rate roughly
10 times higher than the vesicles containing pMB1 and SC101 plasmids. Together, these find-
ings showed that the number and size of the plasmid influenced the packaging efficiency into
vesicles, while the origin of the replication affected the absorption rate of the vesicles [90].

Only one study evaluated the impact of external factors on vesicle packaging.
Fulsundar et al. purified OMVs from Acinetobacter baylyi transformed with the pMU125
plasmid in the presence of stressors such as high temperature, desiccation, nutrient dep-
rivation, UV light, and antibiotic exposure (gentamicin and chloramphenicol). The vesi-
cles purified by treated bacteria were characterized on the basis of protein and DNA con-
tents. High temperature, desiccation, nutrient deprivation, UV light, and antibiotic expo-
sure caused the increased release of vesicles. A significant rise in the amount of plasmid
in OMVs was observed when the bacteria were treated with chloramphenicol and gen-
tamicin and were grown in the absence of nutrients. The authors suggested that this could
increase the frequency of plasmid transfer. OMVs released from bacterial populations
subjected to stress varied in size and zeta potential. Treatment of bacteria with antibiotics
and nutrient deprivation caused a significant increase in vesicular diameters. The zeta
potential of the OMV produced in the presence of gentamicin showed more negative val-
ues compared to the other treatments. These results proved that stress factors can influ-
ence the vesicle release, DNA content, and vesicle size [83].

5. Concluding Remarks

HGT is responsible for the exchange of genetic elements between bacterial cells and
plays an important role in the evolution of many microorganisms [79]. The three known
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mechanisms of gene transfer, natural transformation, transduction, and conjugation, con-
tribute significantly to the genetic diversity among bacterial species [91]. Features of ge-
netic material and donor/recipient strain specificity are known to restrict gene transfer.
Given these limitations, other pathways were thought to contribute to the gene exchange.
Recently, an alternative mechanism of HGT via OMVs was identified. Several studies
showed that OMVs carry DNA in their lumen, defining a further mechanism of gene dis-
semination, encoding virulence and antibiotic resistance factors. The cited studies under-
line the importance of OMVs not only for virulence in the processes of infection or host
interaction, but also in the diffusion of genetic elements to surrounding bacteria
[43,46,82,84-86,89] and in promoting biofilm formation and dissemination, which are
prominent pathogenetic mechanisms of chronic infections, especially those associated
with orthopedic implants. Although several studies have shown the occurrence of OMV-
mediated HGT, little evidence has defined the mechanism and the factors that intervene
in gene delivery [88]. Recent evidence showed that the identity of the genetic element and
donor/recipient strains affect gene transfer rates. Stress factors such as high temperatures,
nutrient deprivation, UV, and antibiotic treatments have also been seen to influence trans-
fer efficiency [83]. These data suggest that OMVs contribute to gene transfer events. How-
ever, further studies are needed to better understand the vesicular loading mechanism,
the absorption by the receiving strain, and the factors involved in the process.
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