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Outer membrane vesicles (OMVs) are continually released from a range of bacterial species. Numerous functions of OMVs, in-
cluding the facilitation of horizontal gene transfer (HGT) processes, have been proposed. In this study, we investigated whether
OMVs contribute to the transfer of plasmids between bacterial cells and species using Gram-negative Acinetobacter baylyi as a
model system. OMVs were extracted from bacterial cultures and tested for the ability to vector gene transfer into populations of
Escherichia coli and A. baylyi, including naturally transformation-deficient mutants of A. baylyi. Anti-double-stranded DNA
(anti-dsDNA) antibodies were used to determine the movement of DNA into OMVs. We also determined how stress affected the
level of vesiculation and the amount of DNA in vesicles. OMVs were further characterized by measuring particle size distribu-
tion (PSD) and zeta potential. Transmission electron microscopy (TEM) and immunogold labeling were performed using anti-
fluorescein isothiocyanate (anti-FITC)-conjugated antibodies and anti-dsDNA antibodies to track the movement of FITC-la-
beled and DNA-containing OMVs. Exposure to OMVs isolated from plasmid-containing donor cells resulted in HGT to A.
baylyi and E. coli at transfer frequencies ranging from 10�6 to 10�8, with transfer efficiencies of approximately 103 and 102 per
�g of vesicular DNA, respectively. Antibiotic stress was shown to affect the DNA content of OMVs as well as their hydrodynamic
diameter and zeta potential. Morphological observations suggest that OMVs from A. baylyi interact with recipient cells in differ-
ent ways, depending on the recipient species. Interestingly, the PSD measurements suggest that distinct size ranges of OMVs are
released from A. baylyi.

Intercellular transfer of nucleic acids is an intrinsic feature of
bacterial evolution (1). Such transfer is possible through the

established mechanisms of natural transformation, conjugation,
and transduction, as well as via the more recently identified func-
tions of nanotubes and outer membrane vesicles (OMVs). For
instance, recent studies have revealed that Bacillus subtilis forms
tubular structures that can connect to neighboring cells and facil-
itate the exchange of cytoplasmic contents (2). It is still unclear
whether nanotubes are similar to the nanopods that have been
recently reported in Delftia sp., which are able to transfer mem-
brane vesicles (MVs) to other recipient cells (3). Gene transfer via
nanotubes and OMVs has gained particular interest because of
their unique feature of intercellular transportation of cellular ma-
terial. Long-distance transport of cytoplasmic contents is a dis-
tinctive feature of such mechanisms, for which the full set of bio-
logical functions remain to be revealed. One identified function of
MVs is the dissemination of nucleic acids, possibly resulting in
horizontal gene transfer (HGT) events occurring under condi-
tions where other established mechanisms of gene exchange are
not active.

OMVs have been reported to serve a number of biological
functions, such as the delivery of proteins and toxins to target cells
during infection, the transport of various effectors between bac-
terial cells in populations, including in biofilms, the protection of
nucleic acids during intercellular transport, and bacterial defense
(4–6). For instance, OMVs can adsorb antibacterial peptides and
thereby possibly increase bacterial survival (5). MVs are com-
monly released from both Gram-positive and Gram-negative bac-
teria (6, 7). The production of MVs is a common phenomenon in
growing bacterial populations and is not due to random cell death
or lysis (8). OMVs of Gram-negative bacteria have been exten-
sively studied due to their association with virulence factors (9).

OMVs are produced by the bulging of the outer membrane, fol-
lowed by constriction and subsequent release from the bacterial
cell, a process referred to as vesiculation (10). OMVs contain outer
membrane (OM) and periplasmic components, such as OM pro-
teins, virulence proteins, phospholipids, and lipopolysaccharides
(LPS). However, cytoplasmic content, such as genetic material, is
also present in MVs (11, 12). The levels of MV formation differ
depending on the strain and growth conditions, such as variations
in temperature, exposure to antibiotics, the presence of oxygen,
and nutrient availability (13–17).

OMVs are spherical and range in size from 50 to 250 nm in
diameter (9). Once released from the parental bacterium, they can
persist in an independent state until lysis. The bilayered structure
of OMVs protects the lumen content from immediate degrada-
tion by extracellular enzymes, such as proteases and nucleases
(18). OMVs can fuse with other cells, resulting in intercellular
transfer of lumen contents, including nucleic acids (19, 20). The
gene transfer potential of OMVs has been previously studied in
various genera. For example, in Neisseria gonorrhoeae, a plasmid
containing a penicillin resistance gene was transferred to penicil-
lin-sensitive gonococci (7). The OMVs from an Escherichia coli
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O157:H7 strain harboring a gfp gene-containing plasmid were
transferred to other E. coli members (21). In Ruminococcus spp.,
OMVs were able to transfer genes required for the ability to de-
grade crystalline cellulose (22). OMVs of Moraxella catarrhalis
were capable of transferring �-lactamase proteins to Streptococcus
pneumoniae and Haemophilus influenzae, thereby promoting their
survival in the presence of amoxicillin (23). Recently, the horizon-
tal transfer of a carbapenem resistance gene via OMVs was shown
in Acinetobacter baumannii (24). The release of DNA-containing
OMVs from pathogenic species of Acinetobacter has also been pre-
viously reported (25–27). Acinetobacter baylyi (previously also de-
noted Acinetobacter calcoaceticus) has been described to release
OMVs when grown on hexadecane (28).

Several members of the Acinetobacter genus are now recog-
nized as emerging threats to public health because of the frequent
occurrence of multidrug-resistant strains in intensive care units
worldwide (29–31). Approximately 80% of Acinetobacter isolates
carry multiple plasmids of various sizes (32–34). Moreover, trans-
posons and integrons carrying multiple antibiotic resistance genes
are increasingly found in clinical isolates of Acinetobacter (35, 36)
and can be transferred between species by natural transformation
(37).

In this work, we characterized the production of OMVs by the
model bacterium A. baylyi by vesicle extraction, transmission
electron microscopy (TEM), particle size distribution (PSD)
measurements, and zeta potential analysis. Moreover, we used
immunogold labeling to follow the movement of double-
stranded DNA (dsDNA) from the bacterial cytoplasm to the
periplasm and subsequently into vesicles. We determined the
potential of OMVs released by A. baylyi to contribute to HGT by
transferring a plasmid-borne �-lactamase gene. Finally, we inves-
tigated whether stress induced by antibiotics or environmental
parameters affects the characteristics of OMVs, including their
DNA content.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and antimicrobial susceptibility
testing. In this study, we used A. baylyi JV26 (38, 39), which is a Trp�

derivative of the DSM588 strain obtained from the Deutsche Sammlung
von Mikroorganismen and Zellkulturen (DSMZ, Braunschweig, Ger-
many), and E. coli DH5� (40). The two strains were transformed by
pMU125 as described in references 41 and 42, respectively. Bacteria were
grown in Luria-Bertani (LB) broth (BD, Le Pont-de-Claix, France) at
37°C (E. coli) or 30°C (A. baylyi) with shaking. The plasmid was main-
tained by the addition of 100 �g ml�1 ampicillin in the broth or in solid
LB medium. pMU125 is a broad-host-range shuttle vector containing
genes for the green fluorescent protein (GFP) and for a �-lactamase con-
ferring resistance to ampicillin (37). This plasmid is a high-copy-number
replicon in E. coli, but it is a low-copy-number plasmid in A. baylyi (43).
The MICs of gentamicin and chloramphenicol for the strain
JV26(pMU125) were determined with Etest strips (AB Biodisk, Sweden).
Experiments with environmental stressors, such as nutrient deprivation
and UV light exposure, were carried out in M9 minimal medium (42).
Experiments with temperature increases, desiccation, and subinhibitory
concentrations (SICs) of antibiotics were performed with LB medium
along with control experiments in which organisms were grown without
stress using LB or M9 medium. SICs were determined from established
bacterial growth curves recorded with increasing concentrations of the
relevant antibiotic (44) using a microplate reader (VersaMax; Molecular
Devices, USA). The inoculum used to establish the growth curves was 1 �
106 CFU ml�1, obtained by dilution (1:500) of an overnight culture with
2� LB medium.

Construction of transformation-deficient mutants and of the gen-
tamicin-resistant strain of A. baylyi. The transformation-deficient
�comA::(nptII sacB) (replacement of comA by a marker pair conferring
kanamycin resistance and sucrose susceptibility) and �comB-comF::dhfr
(replacement of comB, ACIAD3317 [a putative pilX gene {38}], and comC,
-E, and -F by a trimethoprim resistance gene) derivatives of A. baylyi JV26
were constructed as described previously (39, 45). The gentamicin-resis-
tant JV26 derivative contained the ACIAD2756::aacC1 insertion (N. Hül-
ter, unpublished).

Isolation and purification of OMVs. OMVs were isolated from liquid
cultures of JV26(pMU125) as previously described (46), with some mod-
ifications. Briefly, 8 ml or 1 ml of an overnight culture was used to inoc-
ulate 800 ml or 100 ml of LB broth containing 100 �g ml�1 ampicillin,
respectively. To isolate vesicles from cultures grown under antibiotic
stress, liquid cultures were grown with shaking with subinhibitory con-
centrations of chloramphenicol (0.1 �g ml�1 or 1 �g ml�1) or gentamicin
(0.1 �g ml�1 or 0.3 �g ml�1) and, in all cases, also with ampicillin, for 15
h at 30°C. For temperature stress experiments, the temperature was raised
to 37°C. Desiccation stress was induced by adding 0.5 M NaCl to the
growth (LB) medium. Nutrient deprivation was achieved by growing cells
in minimal medium with 2.2 mM succinate plus 5.2 mM glucose as the
carbon source. For UV light stress, UV exposure was applied to log-phase
cells growing in minimal medium using a germicidal lamp irradiating the
top of the culture in a beaker while it was stirred (dose, 0.36 mW/cm2) for
5 or 20 min. The distance between the lamp and the liquid surface was 47.5
cm. After irradiation, the culture was further grown until 15 h was
reached. Bacterial cells were removed by centrifugation at 12,000 � g at
4°C for 30 min. The supernatants were again centrifuged at 15,000 � g for
20 min at 4°C, followed by vacuum filtration using a Rapid-Flow poly-
ethersulfone (PES) bottle top filter (0.2-�m size; Thermo Scientific, MA,
USA). The filtrates were concentrated using Vivaspin centrifugal concen-
trators (Vivascience, Hannover, Germany) with a 10-kDa molecular mass
cutoff. OMVs were recovered from the concentrates by ultracentrifuga-
tion at 130,000 � g for 3 h at 4°C using an Optima LE80k ultracentrifuge
(SW 40 Ti rotor). The pellet was washed with HEPES buffer (50 mM, pH
6.8) and resuspended in the same buffer. The OMVs were isolated from 3
independent batches of cultures grown under stressed and nonstressed
conditions. The solubilized OMVs were once again filtered through 0.22-
�m-pore-size syringe filters (Pall Corporation, NY, USA) and treated
with proteinase K (100 �g ml�1) to digest any phage coats, if present, and
DNase I (100 ng ml�1). The suspensions were incubated at 37°C for 20
min, followed by deactivation of the DNase at 80°C for 10 min. One
hundred microliters of the vesicle suspension was spread on LB agar and
also inoculated in fresh LB medium and cultured for 24 h to confirm the
absence of viable cells. The protein concentration of the vesicles was de-
termined by the Bradford assay (Bio-Rad, USA) (24). The vesicles were
stored at �20°C until further use. The bacterial cultures were also checked
for the absence of bacteriophages according to previously described meth-
ods (47).

Particle size distribution and measurement of zeta potential. Puri-
fied vesicles and bacterial cells were diluted with HEPES buffer (50 mM,
pH 6.8; vesicles were filtered through filters with a 0.22-�m pore size) in a
particle-free environment. The size distribution analysis was recorded by
a Photocor (College Park, MD, USA) instrument at a 90° angle with a laser
with a wavelength of 632 nm. The data were analyzed with the Dynals
software to obtain the average hydrodynamic radius of a given particle.
The measurements were conducted at 22°C with three runs of 30 min each
for each sample, and the average intensity weighted diameter was calcu-
lated. The stability of the vesicles was determined by measuring the size
distribution of the samples after they were stored for 1 week at room
temperature. The zeta potential of both vesicles and bacterial cells was
estimated using the Malvern Zetasizer Nano Z (Malvern Instruments,
Malvern, United Kingdom). The average diameter and zeta potential were
obtained for OMVs isolated from 3 independent batches.
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Fatty acid analysis. Fatty acids from 3 independent batches of over-
night-grown stationary bacterial cell cultures and purified OMVs (pro-
teins concentrations, 486, 562.4, and 442 �g ml�1) were extracted and
transformed into fatty acid methyl esters (FAMEs) by the Sherlock micro-
bial identification system (MIS) protocol (48) and identified by gas chro-
matography (GC). The sample processing included the following steps. (i)
For saponification, 1 ml of 15% (wt/vol) NaOH in 50% methanol was
added to the samples, followed by heating at 100°C for 30 min. (ii) For
methylation, 2 ml of methanolic HCl was added to the above-described
mixture after it was cooled to room temperature, and the mixture was
vortexed and heated at 80°C for 10 min. (iii) For extraction, the FAMEs
were extracted from the cooled mixture in 1.25 ml of 1:1 (vol/vol) ether
and hexane. (iv) For the base wash, the organic extracts were washed with
3 ml of 1.2% (wt/vol) NaOH. The FAMEs were identified by GC (Agilent
6890N) with an autosampler, an Agilent 7683B injector, and a flame ion-
ization detector (FID). Helium was used as the carrier gas in the column
(a Varian wall-coated open tubular [WCOT] fused-silica column, 50 m by
0.25 mm [internal diameter]). The following temperature program was
used in the column oven: 50°C at the starting point, which was held for 2
min and followed by an increase of 10°C/min to 150°C, 1°C/min to 205°C,
and finally 15°C/min to 255°C (held for 10 min). The injection volume
was 1 �l, and the inlet was held at a temperature of 240°C and the detector
at 250°C. The FAMEs were identified and qualified by the Sherlock MIS
software (v. 4.5).

�-NADH oxidase assay. To detect the inner membrane �-NADH
oxidase activity, purified OMVs from the stress and nonstress treatments
were used in addition to bacterial cell lysate, which served as a positive
control. The assay was carried out as described previously (49), with mod-
ifications. Briefly, the total reaction volume for the assay was set to 230 �l,
and the reactions were carried out in a 96-well plate in triplicate with
OMVs from 3 independent batches (protein concentration, 100 to 500 �g
ml�1). Bacterial cell lysate was prepared by sonication and multiple
freeze-thawing. The protein concentration range was kept the same as for
the OMVs and served as a positive control. The 125-�l reaction mixture
consisted of 0.4 mM dithiothreitol, 0.1 M Tris-HCl (pH 7.9), 75 �l of
0.1% NaHCO3, 20 �l of OMVs, and 20 �l of 0.2-mg-ml�1 �-NADH. The
absorbance at 340 nm was measured every minute (total measurement
time, 10 min) with a plate reader (VersaMax; Molecular Devices, USA).

Vesicular DNA (V-DNA) isolation and amplification of the �-lacta-
mase gene. DNA from purified vesicles was isolated as follows. Prior to
DNA isolation, the vesicles were treated with DNase (Roche Diagnostics,
Basel, Switzerland) (100 ng ml�1) at 37°C for 20 min, followed by inacti-
vation at 80°C for 10 min to remove any extravesicular DNA. The DNA
associated with or present within the lumen was isolated using the Zyppy
plasmid miniprep kit (Zymo Research, USA). This was performed in trip-
licate from 3 independent batches of vesicle samples with a protein con-
centration equivalent to 100 �g ml�1 (for both stressed and nonstressed
cultures) and also from gentamicin-treated batches with protein concen-
trations of 11 mg ml�1, 780 �g ml�1, 800 �g ml�1, and 708 �g ml�1. The
extracted DNA was resuspended in 15 �l of Tris-EDTA (TE) buffer. Col-
ony PCR was carried out with cells from bacterial colonies growing on
ampicillin-containing medium obtained after exposure to vesicles con-
taining pMU125. All PCRs were performed in a total volume of 20 �l
containing 1 �M each primer, 10 �l of Dream Taq PCR master mix (2�)
(Fermentas, Germany) (containing Taq buffer, 0.4 mM each deoxy-
nucleoside triphosphate [dNTP], and 4 mM MgCl2). The primers (Sig-
ma-Aldrich, USA) used to amplify the 650-bp product of the bla gene were
bla-int-f (5=-GTAAGATCCTTGAGAGTTTTCG-3=) and bla-ORF-r (5=-
TTACCAATGCTTAATCAGTGAGG-3=).

The DNA templates (2 �l) used for the PCR included purified vesic-
ular DNA, the supernatant of the lysed cell suspension (after boiling at
80°C for 5 min) from pure colonies of vesiculants (transformants from
vesicle-mediated gene transfer [VMGT]), donor bacteria containing a
plasmid (positive control), or water (negative control). PCRs were carried
out in a PTC-0200 thermal cycler (Bio-Rad, USA). The reaction condi-

tions consisted of 1 cycle of 5 min at 94°C for the initial denaturation step,
followed by 30 cycles of denaturation (92°C, 30 s), annealing (55°C, 30 s),
and extension (72°C, 40 s), with a final extension step of 72°C for 5 min.
The PCR products were analyzed by gel electrophoresis on 1% agarose
and visualized with a Bio-Rad gel documentation system. For some con-
trol experiments, purified pMU125 plasmid DNA isolated from A. baylyi
(JV26) using the Qiagen plasmid kit (Germany) was used.

Vesicular DNA quantification. Purified vesicle DNA was quantified
using the Quant-iT PicoGreen dsDNA assay (Molecular Probes, Invitro-
gen, USA). The measurement was determined in triplicate for each
V-DNA sample isolated from 3 independent batches of OMVS from all
the stress and nonstressed growth conditions. A PicoGreen assay was car-
ried out according to the manufacturer’s instructions by determining the
fluorescence using a hybrid multimode microplate reader (BioTek Instru-
ments, Inc. USA).

OMV-mediated gene transfer in liquid cultures. Gene transfer ex-
periments were based on a previously published report (21), with certain
modifications. The recipient strains DH5�, JV26, JV26 �comA, JV26
�comB-comF, and JV26 ACIAD2756::aacC1 were grown in SOC broth
(2% Bacto tryptone, 0.5% bacterial yeast extract, 10 mM NaCl, 2.5 mM
KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose) until log phase,
harvested by centrifugation (5,000 � g for 10 min), washed, and diluted
with saline to produce a bacterial suspension of 2 � 104 CFU ml�1. For the
gene transfer incubation mix, 50 �l of diluted cells was added to 500 �l of
SOC medium with 500 �l of purified OMVs with a protein concentration
of 10.5 mg ml�1 (isolated and pooled from several batches), 620 �g ml�1,
780 �g ml�1, or 708 �g ml�1 (induced with 0.1 �g ml�1 gentamicin) and
with approximately 54 ng �l�1, 2.3 ng �l�1, 6.6 ng �l�1, or 2.3 ng �l�1 of
V-DNA, respectively, and 1 �l of 100 �g �l�1 DNase (final concentration,
100 ng ml�1). The mixtures were then incubated at 37°C for 1 h without
shaking, followed by 2 h with shaking at 150 rpm. Next, 2 ml of SOC was
added per assay, and the incubation was continued for an additional 21 h.
Control experiments were carried out without vesicles or, for JV26, with
purified pMU125 DNA at different concentrations (2.3, 6.6, 20, 54, and
150 ng �l�1). Correspondingly, E. coli DH5� cells were incubated with
the pMU125 plasmid (1 �g �l�1). To confirm the activity of DNase over
time in the presence of cells, assays were performed without vesicles but
with DNase (final concentration, 100 ng ml�1), mixtures were incubated
at 37°C, and purified pMU125 plasmid DNA (70 ng ml�1) was added after
17 h. Bacterial cells were pelleted by centrifugation after 24 h of incubation
and resuspended in 1 ml SOC medium. The bacterial cells that had ac-
quired ampicillin resistance were selected for on LB agar supplemented
with ampicillin (100 �g ml�1), and the recipient titers were determined by
plating cells on LB medium. The plates were incubated for 16 h at 37°C for
E. coli or for 2 days at 30°C for A. baylyi and evaluated by colony counting.
Per assay, up to 10 ampicillin-resistant isolates were screened for the pres-
ence of the bla gene by PCR. In rare cases, PCR-negative isolates were
encountered, and the gene transfer frequencies were adjusted accordingly.
Gene transfer frequencies were calculated from �3 independent experi-
ments as the number of gene transfer events over the number of recipient
cells.

TEM. Ten microliters of purified OMVs from the JV26 strain was
negatively stained with freshly prepared 3% uranyl acetate for 1 min on
300-mesh-size, carbon-coated Formvar copper grids (Electron Micros-
copy Sciences, USA). The excess stain was blotted, and the grids were
washed once with distilled water and dried. The micrographs were ob-
tained by screening approximately 50 fields of each grid (in triplicate)
from 3 independent batches of OMVs with a JEOL JEM-2100 high-reso-
lution transmission electron microscope (HRTEM) (Peabody, MA) at
100 kV.

Vesicle labeling and IEM. Vesicles were labeled as previously de-
scribed (50), with some modifications. The purified vesicles (with a pro-
tein concentration of 400 �g ml�1) were incubated for 1 h at 25°C, fol-
lowed by overnight incubation at 4°C with 1:1 fluorescein isothiocyanate
(FITC [Sigma-Aldrich, USA]; 1 mg ml�1 in 50 mM Na2CO3, 100 mM
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NaCl, pH 9.2). The vesicles were pelleted at 130,000 � g for 3 h, washed,
and resuspended in HEPES buffer (50 mM, pH 6.8) to remove unbound
FITC. Recipient cells in log phase were diluted (1:100) in HEPES buffer
(50 mM, pH 6.8), and 100 �l of cells was coincubated with 50 �l of labeled
vesicles in two batches. One batch was incubated for 1 h at 37°C and then
fixed in 8% formaldehyde in HEPES buffer overnight. The other batch
was fixed immediately after the recipient cells were mixed with vesicles.
The method for immune electron microscopy (IEM) was adapted from a
previously published report (51). The fixed samples were pelleted, treated
with 0.12% glycine, and pelleted again, and then 12% liquid gelatin was
added. The cell pellet was transferred to 2.3 M sucrose in phosphate-
buffered saline (PBS). After 1 h on ice, the samples were mounted on
specimen pins and frozen in liquid nitrogen. Ultrathin cryosections were
cut and incubated with rabbit anti-FITC antibody 1:600 (Invitrogen,
USA), followed by protein A conjugated to 5-nm gold particles.

Nonsectioned OMVs were also exposed to rabbit anti-OmpA (1:150)
antibody followed by protein A conjugated to 5-nm gold particles. To
examine the presence of DNA in OMVs, ultrathin sections of stationary-
phase cells of JV26(pMU125) and OMV preparations, including nonsec-
tioned OMVs, were exposed to monoclonal anti-dsDNA antibodies
(1633p77) diluted 1:30 with protein A conjugated to gold particles (5 nm).
Micrographs were taken from 3 independent sample grids (each in tripli-
cate) at a 100-kV total magnification using a JEM-1010 transmission elec-
tron microscope (Tokyo, Japan).

Confocal microscopy. Green fluorescent protein (GFP) fluorescence
in bacterial cells was examined by confocal microscopy. The samples used
were OMVs containing pMU125 coincubated and grown with DH5� and
JV26 recipient cells for 24 h at 37°C and 30°C, respectively. The

JV26(pMU125) strain grown to log phase at 30°C in LB broth supple-
mented with ampicillin (100 �g ml�1) served as a positive control. Cells
were harvested by centrifugation (3,500 � g at 4°C for 10 min). The cell
pellet was resuspended in 500 �l of HEPES buffer (50 mM, pH 6.8). One
hundred microliters of cells was added to sterile 8-well chambers (Lab-
Tek, USA) and observed with a Leica TCS SP5 microscope. The observa-
tion was repeated three times from three independent VMGT assays.

Statistical analysis. Each data point was averaged from results of three
independent experiments, each with three replicates. Measurements of
fatty acids, protein concentrations, diameters, and zeta potential and
quantitation of V-DNA of OMVs were obtained for each sample. Addi-
tionally, transformation frequencies were entered into Excel spreadsheets
(Microsoft, USA). Frequency distribution, namely, the mean and stan-
dard deviation, was determined. Statistical analysis was performed by Stu-
dent’s t tests for paired samples for the mean. In the figures, one asterisk
(*) represents a P value between 0.01 and 0.05, and three asterisks (***)
represent a P value of 	0.001. These P values were considered statistically
significant.

RESULTS
Analysis of the membrane composition and size distribution of
OMVs from A. baylyi. The presence and size of OMVs in late-
stationary-phase cultures observed by TEM suggest that A. baylyi
cells actively release OMVs during growth (Fig. 1A and B). The
OMV micrographs revealed the bilayer, a spherical structure, and
the presence of electron-dense material inside the vesicle lumen
(Fig. 1C). The measurements of the sizes of the vesicles by dy-

FIG 1 TEM images of OMVs isolated from A. baylyi JV26(pMU125) stained with uranyl acetate and the size distribution of OMVs. (A) Bilayer and spherical
structure of a vesicle with a diameter of 237 nm. Bar, 200 nm. (B) Electron-dense area of the vesicle lumen in small-sized OMVs (arrows). Bar, 200 nm. (C)
Ultrathin section of OMVs. The arrow indicates the outer membrane of a bilayer vesicle. Bar, 500 nm. (D) Mean size distribution of vesicles released from A.
baylyi JV26(pMU125) cells without stress treatment, determined by the submicron particle sizing system. The x axis shows the particle diameter in nanometers
against the relative percentages of intensity (INTENS).
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namic light scattering show that the vesicles could be grouped into
3 size populations, with a mean diameter ranging from 13 to 304
nm (Fig. 1D; Table 1). The absence of viable cells in OMV prepa-
rations was confirmed by the absence of growth after inoculation
of vesicles into LB broth or streaking of the samples on LB plates.
Moreover, bacteriophages were not observed in a phage detection
assay or by TEM.

The stability of A. baylyi OMVs stored over a week at room
temperature was monitored by PSD measurements and revealed
an increase in the diameters of stored vesicles in comparison with
those of freshly isolated OMVs (data not shown). The increase in
the diameters might be due to the aggregation of some of the
smaller OMVs. The OMVs did not sediment into closed packed
beds, suggesting that A. baylyi OMVs retain their colloidal nature
even after storage at room temperature.

The average percentages of fatty acid profiles were identified
from A. baylyi (JV26) cells and OMVs by gas chromatography and
are presented in Fig. 2A. The fatty acids were found to be almost
identical in A. baylyi cells and their released vesicles, with C18:1n9

(oleic acid) being the most dominant (47.7% 
 1.0% in cells and
44.8% 
 2.6% in released vesicles). The other major cellular fatty
acids (CFAs) were C16:0 (palmitic acid), with 22.3% 
 0.6% in A.
baylyi cells and 22.3% 
 2.8% in OMVs, and C16:1n7 (palmitoleic
acid), with 20.3% 
 1.0% in cells and 11.4% 
 3.1% in OMVs. In
addition, C18:0 (stearic acid) was identified at 1.6% 
 0.3% in cells
and 1.8% 
 0.3% in OMVs, and C18:3n6 (�-linolenic acid) was
identified at 0.7% 
 0.1% in cells and 4.7% 
 0.02% in OMVs.
The quantities of �-linolenic acid were significantly different be-
tween cells and OMVs (P 	 0.001). C18:1n7 (11-octadecenoic acid)
was found in A. baylyi cells at 0.9% 
 0.1% but was not identified
in OMVs. In addition to these compounds, two unidentified fatty
acids were identified only in cells and three unidentified fatty acids
were identified only in OMVs. Vesicles released from the A. baylyi
cells with and without stress were checked for the inner membrane

�-NADH oxidase activity (Fig. 2C). �-NADH oxidase activity was
not observed in the OMV preparations, whereas activity was
found in bacterial cell lysates due to the presence of inner mem-
brane material, as expected. The Acinetobacter genus-specific
outer membrane protein A (OmpA) was detected in the vesicles by
IEM using rabbit anti-OmpA antibodies attached to gold particles
(Fig. 2B). The bilayer structure of vesicles is similar to the OM of
bacterial cells; the absence of inner membrane protein-specific
activity and positive gold labeling of an OmpA marker suggest that
the principal composition of the OMV coat is outer membrane
material.

DNA translocates from A. baylyi cells to OMVs. To investi-
gate the location of and hypothesized transfer of DNA from the
bacterial cytoplasm to OMVs, TEM with an immunogold labeling
technique was carried out using dsDNA binding antibodies at-
tached to gold particles. As observed in the Fig. 3 micrographs,
movement of dsDNA from the cytoplasm to the periplasm oc-
curred during OMV formation prior to the release from the bac-
terial surface. The dsDNA antibody-attached gold particles were
found inside the lumen, as well as on the outer surface of the
released OMVs (Fig. 3E and F). The antibodies are specific for
dsDNA and bind to both plasmids and genomic DNA fragments.
Some of the released OMVs (relatively few in number) did not
bind the antibodies, indicating the absence of dsDNA in these
vesicles, although the possibility of incomplete antibody binding
during the sample preparation cannot be excluded. A total of 584
bacterial cells in log phase (grown without stress treatment) were
observed by IEM, and out of these cells, 54 cells were found to be
bulging with gold particles bound inside. In addition, a total of 58
released OMVs contained gold particles inside their lumens.

The presence of DNA in the OMVs of A. baylyi, so-called ve-
sicular DNA (V-DNA), was determined after isolation from vesi-
cles pretreated with DNase. The purified V-DNA was quantified
using the PicoGreen assay (Table 2), and the presence of plasmid

TABLE 1 Physical characteristics of OMVs isolated from A. baylyi strain JV26(pMU125)

Treatment or stress
Antibiotic concn
(�g ml�1)

Size distribution (avg diam [nm] 
 SD), % intensity 
 SD for peak or
intensity:

Zeta potential
(mV)i1 2 3

No treatment 1a 304 
 25, 83 
 0.9 64 
 26, 16 
 10 13 
 1.6, 0.7 
 0.2 �16.7 
 1.1
Temp increase 294 
 46, 95 
 2 45 
 12, 3.6 
 1.5 �16.5 
 1.0
Desiccationb 279 
 42, 87 
 3.5 46 
 22, 9.3 
 5.0 15 
 3.4, 4.0 
 1.8 �18.3 
 0.3

Gentamicin exposurec 0.1 349 
 11, 87 
 5.7 81 
 18, 4.2 
 2.4 14 
 1.5, 2.8 
 1.0 �27.6 
 0.7
0.3 389 
 16, 91 
 4.6 128 
 19, 7.8 
 4.4 14 
 0.8, 0.7 
 0.1 N.D

Chloramphenicol exposured 0.1 299 
 12, 95 
 1.6 54 
 18, 3.0 
 0.5 �11.2 
 1.1
1.0 385 
 42, 95 
 3.5 83 
 3.0, 4.7 
 0.4 ND

No treatment 2e 237 
 16, 92 
 5 46 
 19, 3.5 
 0.4 �19.4 
 0.4
Nutrient deprivationf 270 
 14, 88 
 7 46 
 8.5, 8.0 
 2.7 �19.2 
 0.6
UV exposure 1g 229 
 20, 95 
 7.4 39 
 7.7, 1.8 
 0.7 �19.4 
 0.6
UV exposure 2h 239 
 8.3, 93 
 3.2 50 
 17, 5.6 
 2.0 �21 
 0.05
a All A. baylyi cells were grown in the presence of ampicillin (100 �g ml�1), with resistance conferred by pMU125.
b Cells were grown in medium containing 0.5 M NaCl.
c The MIC of gentamicin is 0.5 �g ml�1.
d The MIC of chloramphenicol is 4 �g ml�1.
e Cells were grown in minimal medium containing succinate.
f Cells were grown in minimal medium containing 2.2 mM succinate and 5.2 mM glucose.
g UV light exposure was for 5 min.
h UV light exposure was for 20 min.
i The zeta potential for the A. baylyi JV26 recipient cells was �30 
 0.7 mV, and that for the E. coli DH5� cells was �49.4 
 0.5 mV. ND, not determined.
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FIG 2 Analysis of the membrane compositions of OMVs from A. baylyi JV26. (A) Histogram based on the mean values of cellular and vesicular fatty acids of A.
baylyi. The fatty acid with three asterisks indicates that the values for this fatty acid were significantly different between cells and vesicles. Error bars indicate
standard deviations. NI, not identified. (B) IEM image of unsectioned OMVs stained with uranyl acetate. Arrows indicate gold particles (black dots, 5 nm)
attached to rabbit anti-OmpA antibodies. Bar, 500 nm. (C) Quantification of inner membrane-associated �-NADH oxidase activity. Bacterial cell lysate is the
positive control. No activity was detected for OMVs released from A. baylyi (JV26) with no stress (No stress_1), temperature stress, desiccation stress, 0.1 �g ml�1

of gentamicin (Genta1), 0.3 �g ml�1 of gentamicin (Genta2), 0.1 �g ml�1 chloramphenicol (Chl1), 1 �g ml�1 chloramphenicol (Chl2), bacterial cell lysate
grown with no stress in M9 minimal medium (No stress_2), nutrient stress, UV light exposure for 5 min (U.V1), UV light exposure for 20 min (U.V2), and a
negative control (Blank). Error bars indicate standard deviations.
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DNA was confirmed by PCR amplification of the �-lactamase
gene (650 bp) (see Fig. S1A in the supplemental material).

OMV-mediated transfer of pMU125. Bacterial cells were
mixed with OMVs, and the transfer of the plasmid pMU125 from
OMVs to cells was quantified after 24 h of incubation. The gene
transfer frequencies are shown in Table 3. OMVs adjusted to a
protein concentration of 10.5 mg ml�1 (containing 54 ng ml�1

DNA) were able to transform DH5� cells with a frequency of 3 �
10�8, corresponding to 80 vesiculants (transformed cells obtained

through OMV exposure) per �g of V-DNA. For strain JV26, an
OMV transfer frequency of 1 � 10�6 (equivalent to 9 � 103 ve-
siculants per �g of V-DNA) was found (Table 3). Further experi-
ments were carried out exposing strain JV26 to different OMV
batches; OMVs with 620 �g ml�1 protein and 2.3 
 1.6 ng ml�1

DNA resulted in a transfer frequency of (2.1 
 2.0) � 10�8 ml�1,
and OMVs with 780 �g ml�1 protein and 6.6 
 0.7 ng ml�1 DNA
resulted in a transfer frequency of (1.4 
 1.6) � 10�7 ml�1. OMVs
obtained from cells exposed to sub-MIC levels of gentamicin dur-

FIG 3 TEM micrographs showing DNA immunolabeling of A. baylyi JV26(pMU125) cells and OMVs. (A) Micrograph of an A. baylyi cell with a bulging outer
membrane. The arrow indicates the location of anti-dsDNA antibodies with gold particles (black dots, 5 nm). Bar, 500 nm. (B) Micrograph of an A. baylyi cell
with the arrow pointing to a budding vesicle with the gold particles located inside the vesicle lumen. Bar, 1 �m. (C) Micrograph of an A. baylyi cell releasing a
vesicle. The arrow points to the presence of 5-nm gold particles inside the vesicle. Bar, 500 nm. (D) Micrograph of an A. baylyi cell; the arrow points to the released
OMV coupled to gold particles. Bar, 200 nm. (E) Micrograph of ultrathin sections of large-sized vesicles with gold particles inside the lumen. Bar, 1 �m. (F)
Micrograph of small unsectioned vesicles. The arrow indicates gold particles (5 nm) attached to the outer surface of an OMV. Bar, 500 nm.
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ing growth (protein concentration, 708 �g ml�1) and 2.3 
 0.1 ng
ml�1 DNA resulted in a transfer frequency of (1.3 
 0.1) � 10�7

ml�1. The gene transfer frequency obtained with OMVs from gen-
tamicin-treated cultures was significantly higher than that ob-
tained with OMVs from untreated cultures (both OMVs con-
tained the same amount of V-DNA [2.3 ng ml�1]; P 	 0.05).
Natural transformation experiments with purified pMU125 plas-
mid DNA in the absence of DNase were conducted for compari-
son. Exposure of strain JV26 to 2.3, 6.6, or 55 ng ml�1 pMU125
DNA yielded transformation frequencies of (1.4 
 2.2) � 10�9,
(1.5 
 0.7) � 10�8, and (5.5 
 4.0) � 10�7 ml�1, respectively.

Ampicillin-resistant colonies were regularly screened for the pres-
ence of the �-lactamase (bla) gene by PCR (Fig. S1B in the sup-
plemental material). Vesiculants displayed the same level of resis-
tance to ampicillin (�256 �g ml�1) as the donor bacteria. These
results indicate that OMV-mediated gene transfer occurs in a
DNA concentration-dependent manner. Remarkably, in experi-
ments using the transformation-deficient A. baylyi �comA or A.
baylyi �comB-comF strains as recipients, no vesiculants were ob-
tained (Table 2).

In control experiments, no colonies were found in the absence
of vesicle exposure or when the E. coli DH5� recipient was ex-
posed to purified pMU125 plasmid DNA, confirming the suppo-
sition that the tested E. coli cultures are not competent for natural
transformation by free DNA. Furthermore, exposure of A. baylyi
JV26 recipient cells to purified pMU125 DNA in the presence of
DNase did not yield transformants. DNase was found to be effi-
cient in destroying free DNA added even after 17 h in medium
without cells or in the presence of cells, and no transformant was
obtained by natural transformation in these experiments. These
results suggest that the addition of DNase prohibits transfer of free
DNA but does not affect vesicle-mediated transfer.

pMU125 carries, in addition to the bla gene, a gfp (green fluo-
rescent protein) gene. The qualitative observation of GFP activity
in vesiculants by confocal microscopy is shown in Fig. S2 in the
supplemental material. The ampicillin-resistant vesiculants ex-
hibited green fluorescence, suggesting that OMV mediated the
cotransfer of the bla and gfp genes and the presence of an intact
plasmid.

Integration of OMVs with recipient cells. Immunogold label-
ing of ultrathin sections with an FITC-specific antibody enabled
the detection of the interaction of OMVs with exposed bacterial
cells. The TEM images visualized the association, fusion, and in-
ternalization of OMVs from JV26 (wild-type) with recipient
(strains DH5� and JV26) cells. The localization of gold particles
attached to FITC-labeled OMVs showed that the adhesion of ves-
icles to E. coli and A. baylyi JV26 cells occurred immediately. In-
terestingly, vesicles were attached to, as well as internalized by, E.

TABLE 2 Protein and vesicular DNA concentrations from OMVs
isolated from A. baylyi strain JV26(pMU125)

Treatment
Protein concn
(�g ml�1)a

V-DNA concn
(ng ml�1)b

No treatment (LB medium) 403 
 23 4.6 
 2.2
Temp increase 354 
 3.0 0.25 
 0.1
Desiccation 382 
 4.6 0.11 
 0.1

Gentamicin concn of:
0.1 �g ml�1 437 
 6.0 13 
 9.0
0.3 �g ml�1 450 
 22 51 
 0.1

Chloramphenicol concn of:
0.1 �g ml�1 404 
 28 9.4 
 3.2
1.0 �g ml�1 495 
 35 4.0 
 3.7

No treatment (minimal medium) 126 
 6.7 35 
 7.0
Nutrient deprivation 151 
 14 18 
 11

UV irradiation at:
108 mJ cm�2 125 
 5.0 8.0 
 1.0
432 mJ cm�2 151 
 3.6 12.6 
 1.0

a OMVs were isolated from three independent batches of cultures (100 ml) and
quantified by the Bradford assay. General growth conditions were as described in
Table 1.
b The purified OMVs were adjusted to 100 �g ml�1 of the total protein concentration
prior to vesicular DNA isolation. V-DNA was quantified with the PicoGreen assay.

TABLE 3 Gene transfer frequencies and antibiotic susceptibility profiles of vesiculants of A. baylyi and E. colid

Recipient cells

Presence or absence of:
Gene transfer
frequencyc

MIC for Ampr

vesiculants
PCR
(bla)OMVsa DNase I DNAb

A. baylyi
JV26 � � � 1 � 10�6 �256 �
JV26 �comB-comF � � � 	3 � 10�9 NA NA
JV26 �comA � � � 	2 � 10�9 NA NA
JV26 � � � 	4 � 10�10 NA NA
JV26 � � � 	1.3 � 10�9 NA NA
JV26 (ACIAD2756::aacC1) � � � 1 � 10�7 �256 �
JV26 � � � 5.5 � 10�7 �256 �

E. coli
DH5� � � � 3 � 10�8 �256 �
DH5� � � � 	1.8 � 10�9 NA NA

a The OMVs were isolated from A. baylyi donor strain JV26(pMU125) and had a protein concentration of 10.5 mg ml�1 and a DNA content of 54 ng ml�1. When A. baylyi
(ACIAD2756::aacC1) was used as a recipient, OMVs isolated from gentamicin (0.1 �g ml�1)-stressed cells were used (protein concentration, 708 �g ml�1; V-DNA concentration,
2.3 ng ml�1).
b Purified pMU125 plasmid DNA (55 ng ml�1) was used for natural transformation of A. baylyi cells.
c The gene transfer experiments were carried out in three time-independent assays. The gene transfer frequencies are calculated as numbers of vesiculants or transformants over the
number of recipient cells.
d NA, not applicable.
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coli cells immediately (at time zero [t0]) (Fig. 4A) and also after 1
h (t1) (Fig. 4B). In total, 250 E. coli cells were inspected in sample
grids at t0, and OMVs were attached to 35 cells, while 15 OMVs
were internalized. In addition, 250 E. coli cells were inspected at t1,
at which time OMVs were attached to 30 cells and internalized in
27 cells. When A. baylyi JV26 cells were used as recipient cells,
somewhat fewer internalization events were detected, but attach-
ment of OMVs to the outer membrane was observed at both t0 and
t1 (Fig. 4C). Gold particles were also detected inside the cytoplasm
(Fig. 4D) of both E. coli and A. baylyi recipient cells, suggesting the
transfer of vesicle content into the bacterial cytoplasm. All to-
gether, 233 JV26 cells were inspected on sample grids at t0. Gold
particles were found inside the cytoplasm of 10 of these cells, and
OMVs were found adhered to 49 cells. For t1 sample grids, 359
cells were inspected and OMVs were found attached to 45 cells,
while gold particles were observed inside 17 cells.

Effect of environmental and antibiotic stresses on bacterial
growth, vesiculation, and DNA content in OMVs. Temperature
increase, desiccation, nutrient deprivation, UV light exposure,
and low-level exposure to the antibiotics gentamicin and chlor-
amphenicol resulted in changes in bacterial surfaces and increased
release of vesicles (Fig. 5 and see Fig. S3 in supplemental material).
TEM micrographs revealed an intact outer membrane with few
surface bulging sites in the absence of stress (Fig. 5A), whereas a
moderate difference was observed in temperature- and desicca-
tion-stressed cells (Fig. S3). Cells stressed with antibiotic exposure
were found to have substantially more sites releasing vesicles and
the vesicles were larger (Fig. 5B and C) than in untreated cells.
From ultrathin sections of differently treated JV26 cultures, the
fraction of vesiculating cells was determined by TEM. From 433
bacterial cells grown without stress, 54 cells were bulging. Simi-
larly, 64 cells were found to be in a bulging stage out of 446 cells
when the temperature was increased. When cells were grown un-
der desiccation stress, 53 vesiculating cells were counted in 426
cells. When cultures were grown in the presence of subinhibitory

antibiotic concentrations, the results were as follows: 68 bulging
cells were identified out of 434 cells when they were grown with
gentamicin (0.1 �g ml�1), and 73 out of 453 cells were bulging
when they were incubated with chloramphenicol (0.1 �g ml�1).
There was no observable difference in the cell surfaces when the
cells were grown in minimal medium without stress (Fig. 5D) or
after UV irradiation (Fig. 5F), whereas a moderate OMV size al-
teration was observed in nutrient-deprived cells (Fig. 5E). Out of
420 cells, 65 cells exhibited bulging when grown in minimal me-
dium without stress. When nutrient stress was applied, 70 out of
415 cells were vesiculating. Cells irradiated with UV light (20-min
exposure) were grown for 1 h and then inspected for vesiculation,
and 78 out of 410 cells produced OMVs.

The effect of stress conditions affected the overall cell growth
compared with that of untreated cultures (see Fig. S3A in supple-
mental material), determined through photometry. The culture
grown without stress in the presence of ampicillin entered station-
ary phase after approximately 8 h and remained stable, giving an
end titer of (2.5 
 1.1) � 109 ml�1 after 15 h (t15). The isolated
OMVs had a total protein content of 403 �g ml�1 (Table 2). De-
pending on the stress condition applied, one or more of the fol-
lowing occurred: a prolonged lag phase, an increase in generation
time, a lower stationary-phase density, or an increase in the death
rate in stationary phase (Fig. S3A). While the viable cell titers
decreased 10- to 10,000-fold depending on the treatment (Table
1), the amount of vesicles produced (quantified by total protein
content) was relatively constant in rich medium (Table 2). A sig-
nificant increase (P 	 0.05 and P 	 0.01) was observed in vesicu-
lation and in V-DNA concentration (3- to 11-fold) when cells
were grown with 0.1 and 0.3 �g ml�1 gentamicin (Table 2; Fig. 6).
In addition to this, OMVs derived from the cultures with 0.1
�g ml�1 chloramphenicol contained significantly larger amounts
of V-DNA (P 	 0.001). The total amount of vesicles produced in
rich medium was approximately 2.5-fold higher (P 	 0.001) than

FIG 4 TEM micrographs of FITC-labeled OMVs. (A, B) IEM micrographs of E. coli DH5� cells incubated with FITC-labeled OMVs derived from A. baylyi. The
arrows point to the attached or internalized OMVs coupled to gold particles (5 nm) at exposure time t0 in panel A and at exposure time t1 in panel B. (C, D) Same
as described for panels A and B but with A. baylyi JV26 cells. Bars, 500 nm.
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in minimal medium. In contrast, the V-DNA concentration was
significantly increased in minimal medium (P 	 0.01).

The total number of OMVs released was calculated with re-
spect to the cell population (OMVs per viable recipient cell) under
stress and nonstress conditions. There was a significant increase in
the total number of OMVs released (P 	 0.001) in all the stress
treatments except for the short UV light exposure (108 mJ cm�2

for 5 min) (Fig. 6).
Effect of stress on particle size distribution and zeta poten-

tial. OMVs released from the bacterial populations experiencing
stress varied in size distribution and intensities. The particle size
distribution measurements revealed a shift in the size distribution
of OMVs released from antibiotic and nutrient stress treatments
(Table 1) in comparison with that of the OMVs derived from
cultures experiencing no stress. The presence of gentamicin (0.1
and 0.3 �g ml�1) and chloramphenicol (1 �g ml�1) led to a sig-
nificant increase in the diameters of OMVs (P 	 0.05, P 	 0.001,
and P 	 0.001, respectively). OMVs from nutrient-deprived cells
grown in minimal medium were also significantly larger (P 	
0.001) than OMVs from LB medium.

The zeta potential of the A. baylyi cells was significantly more
negative (P 	 0.001) than that of the OMVs isolated from these

cells (Table 1). The zeta potentials of OMVs produced under dif-
ferent stress conditions were not significantly different from those
of their respective controls (Table 1), except with OMVs under
gentamicin (0.1 �g ml�1)-induced stress. This treatment resulted
in OMVs with the most noticeable morphological change and a
significantly more negative surface charge (P 	 0.001) than those
of the other OMVs. In contrast, OMVs from chloramphenicol-
treated cells had a significantly less negative zeta potential (P 	
0.001) than those of OMVs from untreated cells.

DISCUSSION

OMVs have been reported to contain DNA within their lumens
(52–55). However, not all OMV-producing cells have been found
to enable vesicle-mediated HGT (56), and the mechanism of gene
delivery at the host cell surface remains unclear. In this study, we
identify and describe OMV production and OMV-mediated DNA
transfer in the model bacterium A. baylyi. We show that A. baylyi
exposure to OMVs results in interspecies gene transfer in the pres-
ence of DNase, possibly through a different DNA delivery mech-
anism that depends on the recipient species. We also describe how
antibiotic and environmental stresses affect the production of and
DNA content of OMVs in A. baylyi. We conclude that the antibi-

FIG 5 TEM micrographs showing the effect of stress on the morphology of A. baylyi cells. (A) Cells grown under normal conditions in rich medium. Bar, 1 �m.
(B) Cells grown with gentamicin stress (0.1 �g ml�1). Bar, 1 �m. (C) Cells grown with chloramphenicol stress (0.1 �g ml�1). Bar, 1 �m. (D) Cells grown under
normal conditions in minimal medium. Bar, 1 �m. (E) Cells grown in minimal medium with nutrient stress. Bar, 2 �m. (F) Cells grown in minimal medium and
exposed to UV light for 20 min. Bar, 1 �m. The arrows indicate budding vesicles in panels A, B, and F and released OMVs in panels C, D, and E.
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otic exposure and the other stress factors, except for the short-
term UV exposure, had a significant effect on vesiculation and
increased OMV production per viable recipient cells. Gentamicin-
induced stress resulted in OMVs with significantly more DNA
than in other OMVs (Fig. 6).

Particle size measurements showed that A. baylyi cells release
OMVs of different sizes during growth (Fig. 1D). The biological
significance of this novel observation remains to be determined.
The distinct OMV size range may be growth phase dependent or
indicative of different biological functions for the different sizes.
Distinct sizes also suggest that vesicle release is a physiologically

controlled and reproducible process. The differences in zeta po-
tential between the cell membrane and OMVs also provide sup-
port for the hypothesis of distinct roles of various size groups of
OMVs. The released OMVs were predominantly observed as
spherical (Fig. 1A to C), but they were also found to be elongated
at the time of budding (Fig. 3B and C) and elliptical (Fig. 3F) in the
thin sections (55).

The analysis of fatty acid composition identified the major fatty
acids present in both OMVs and bacterial cell membranes to be
oleic acid, palmitic acid, and palmitoleic acid (Fig. 2A). Palmito-
leic acid was less abundant in OMVs, whereas �-linolenic acid was

FIG 6 Total quantities of OMVs (numbers of OMVs per CFU ml�1) released relative to the mean number of viable cells (CFU ml�1) and mean amount of
V-DNA (ng ml�1) obtained from OMVs (protein concentration, 100 �g ml�1). Error bars indicate standard deviations. (A) Cont., cells grown under normal
(control) conditions in LB medium; Temp., cells grown under temperature stress at 37°C; Desi, cells grown under desiccation stress with 0.5 M NaCl; G1, C1, and
C2, cells grown with gentamicin at 0.1 �g ml�1, with chloramphenicol at 0.1 �g ml�1, and with chloramphenicol at 1 �g ml�1, respectively. (B) M.M. cont, cells
grown under normal conditions in minimal medium; Nut., cells grown under nutrient stress (2.2 mM succinate and 5.2 mM glucose as a carbon source); U.V1
and U.V2, cells grown with UV light exposure for 5 min and 20 min, respectively. Significant differences of the various stress conditions from the normal growth
condition are indicated as follows: *, P 	 0.05; ***, P 	 0.001; ns, no significant difference.
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more abundant in OMVs than in cell membranes. The presence of
oleic and palmitic acids in the cell membranes of A. baylyi is con-
sistent with the findings of previous studies of A. calcoaceticus
(57). The OMVs were also further characterized for their mem-
brane composition. Bacterial inner membrane-specific �-NADH
oxidase activity (58) was used as an inner membrane marker. Ves-
icles isolated from both stressed and nonstressed bacterial cultures
failed to show �-NADH oxidase activity, indicating the absence of
inner membranes in vesicles released by A. baylyi (Fig. 2C). OmpA
is an outer membrane protein that is commonly found in Acineto-
bacter species (59), and IEM with anti-OmpA antibodies attached
to gold particles confirmed the presence of OmpA in the OMVs
(Fig. 2B). Together with the lipid profiles, these results suggest that
OMVs are formed largely from the outer membrane of A. baylyi.

The results from IEM studies using a dsDNA antibody revealed
that dsDNA from the cytosol entered the periplasm and subse-
quently the OMVs during the process of vesiculation (Fig. 3). The
transfer of DNA to the periplasm might also be causally linked to
the liberation of DNA that occurs during competence expres-
sion in Acinetobacter (60). Thus, it remains unclear if DNA is
specifically targeted to OMVs. This observation confirms earlier
reports of association of DNA to the inner and outer surfaces of
OMVs (55, 61, 62). It is tempting to speculate that the affinity
between DNA and OMVs can contribute to biofilm structures as
well (63, 64).

Members of the Acinetobacter genus are known to share genes
horizontally via conjugation, transformation, and transduction
(65–67). Our experimental data provide support for another
route of HGT that occurs through OMVs. The recent report on
OMVs from A. baumannii that are able to transfer the OXA-24
carbapenemase gene strengthens the notion that OMVs can be of
importance in the dissemination of antimicrobial resistance in
Acinetobacter (24). Although the frequency of vesicle-mediated
gene transfer is low, and lower than, for instance, the transfer
frequency obtained by virus-like particles (VLPs) in marine envi-
ronments (68), it is not fundamentally different from HGT fre-
quencies observed in this genus (69, 70). The gene transfer ob-
tained with the OMVs yielded up to 103 vesiculants per �g of
V-DNA, which is comparable to earlier observations in Pseu-
domonas spp. (56). Our experimental model focused on charac-
terizing the transfer of a low-copy-number plasmid (pMU125) in
Acinetobacter, also demonstrating that limited amounts of DNA in
the bacterial cytoplasm were able to reach OMVs and reach OMV-
exposed bacterial cells. DNase was also found to be effective even
after 17 h of incubation at 37°C, rendering the possibility of nat-
ural transformation of small amounts of free DNA due to random
OMV lysis very low. As the gene transfer mechanism via OMVs
differs from natural transformation, we propose to refer to the
transformed cells obtained by vesicle-mediated gene transfer
(VMGT) as “vesiculants.”

To shed more light on the mechanism of vesicle-mediated
DNA delivery in A. baylyi, we also exposed comA- and comB-
comF-deficient mutants to OMVs. Interestingly, no vesiculant was
recovered when com mutants were used as recipient cells, indicat-
ing that competence proteins play a role in the uptake of DNA
delivered by OMVs. This observation suggests that vesicles are
lysed upon contact with the outer membrane of A. baylyi cells
followed by type IV pilus-mediated transport of DNA. ComA
plays a crucial role in transporting DNA through the inner mem-
brane in Acinetobacter (71), whereas ComB, ComE, and ComF are

structural subunits of a DNA translocator and responsible for
transport of DNA through the periplasm (72, 73). In particular,
ComC functions as a DNA binding protein, is essential for pilus-
mediated uptake of DNA (74), and is absent in the �comB-comF
strain.

OMVs isolated from bacterial cells grown in the presence of
subinhibitory gentamicin concentrations were able to transfer
plasmid DNA into A. baylyi JV26 cells 10 times more efficiently
than OMVs isolated from unexposed cells, despite containing the
same amount of V-DNA. This may be due to a more efficient
interaction between OMVs and the recipient cells due to of the
altered surface potential of OMVs from gentamicin-treated cul-
tures (75).

Taken together, our results suggest that OMV-mediated gene
transfer occurs by two distinct and possibly species-specific path-
ways: (i) lysis of OMVs close to, or associated with, the outer
membrane of target cells (20) as proposed for A. baylyi recipient
cells or (ii) adhesion to the outer membrane followed by internal-
ization into the cytoplasm, proximal lysis, or fusion (19) as pro-
posed for the E. coli recipients. The latter finding is unexpected but
is supported by the following TEM-based observations: when
FITC-labeled OMVs were incubated with E. coli recipients, OMVs
with the anti-FITC antibody-conjugated gold particles became
associated with the outer membrane (Fig. 4A), some were inter-
nalized (Fig. 4B), and gold particles were also observed inside the
cytoplasm.

Our IEM studies visualized vesicle-mediated DNA delivery
events at the single-cell level (Fig. 4). To our knowledge, no exper-
imental data exist where OMV internalization has been observed
in bacteria, although such mechanisms have been observed in ep-
ithelial cells (50). The initial binding between OMVs and the outer
membranes of recipient cells may be due to electrostatic interac-
tions (76), salt bridging by Ca2� or Mg2� ions (19), or the pres-
ence of adhesins on the outer membranes facing toward OMVs.
According to previous studies, Gram-negative bacteria possess
autolysins in the periplasm (77) that are capable of cleaving cova-
lent bonds in the peptidoglycan layer. In Gram-positive cells, lysis
of the OMV membrane may occur after interaction with the pos-
itively charged peptidoglycan layer (19, 20).

Stress can lead to the accumulation of misfolded and toxic
proteins in the periplasm of bacteria (78), and the release of OMVs
has been proposed to be a way of responding to stress (78). We
therefore compared the levels of OMV production in A. baylyi
populations grown under different stressful conditions, such as
desiccation, nutrient deprivation, UV irradiation, heat, and sub-
inhibitory concentrations of the antibiotics chloramphenicol and
gentamicin. The OMV concentration was approximated by mea-
surements of the total vesicle protein concentrations relative to
the bacterial end titer (assuming that only viable cells can release
OMVs), as well as by quantifying released OMVs. A significant
alteration in the release of OMVs per viable cell was observed for
some stress conditions, with the protein synthesis inhibitor gen-
tamicin resulting in the strongest effect (Fig. 6 A and B). In con-
trast, temperature, desiccation, short-time UV light exposure, and
chloramphenicol (0.1 �g ml�1) had no significant effect on vesic-
ulation when released OMVs were quantified directly (Table 2).
During stress, the accumulation of damaged proteins can increase
turgor pressure and therefore induce more disruption of lipopro-
tein bridges, leading to increased vesiculation (78). TEM images of
ultrathin sections of bacterial cells grown under stress may display
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more surface bulging sites than those of cells grown without stress
(Fig. 5; see also Fig. S3B and C in the supplemental material).
However, this has not been statistically analyzed.

Both gentamicin and chloramphenicol are known to have bac-
teriostatic properties but are lethal at high concentrations (79, 80).
A sub-MIC of gentamicin (0.3 �g ml�1) increased the overall
amount of OMVs released per cell, despite the 4-order-of-magni-
tude reduction in the number of viable cells over that of the con-
trol. The OMVs obtained from gentamicin-stressed cultures also
had a more negative zeta potential than those obtained from the
control culture. We note that vesicles produced under gentamicin
exposure have previously been suggested to occur by a mechanism
different from that of naturally produced vesicles (19, 75). Sur-
face-associated DNA causes an increase in the zeta potential (62);
however, in our study, OMVs were DNase treated before the zeta
potential was determined.

The presence of DNA in OMVs may be because A. calcoaceticus
releases DNA in exponential phase during the induction of com-
petence by cell lysis (60, 81) or due to active excretion of DNA
(60). Prominent cell lysis during bacterial growth under stressful
conditions may therefore also lead to increased amounts of DNA
on the surfaces of OMVs. Alternatively, increased DNA excretion
from cells via the periplasm during periods of competence devel-
opment would facilitate DNA being present inside the lumens of
OMVs (62). A. baylyi is salt stress tolerant, and other members of
the Acinetobacter genus are known for their capacity to survive
desiccation (82, 83), possibly due to the production of extracellu-
lar polysaccharides (84). In this study, desiccation stress had little
effect on vesiculation (Table 2) but significantly reduced the
amount of V-DNA, which may be a consequence of the shrinkage
of cells due to water loss.

Taken together, our results provide evidence that A. baylyi re-
leases OMVs of distinct-size populations that offer a nuclease-
insensitive mode of gene transfer within and between species. En-
vironmental stress factors can affect the level of vesicle release,
V-DNA content, vesicle size, surface properties, and OMV-medi-
ated HGT frequencies. Further studies should be conducted to
determine the biological relevance of the various vesicle size cate-
gories, the surface and adherence properties, and the lumen con-
tent of OMVs.
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