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ABSTRACT The exchange of bacterial extracellular vesicles facilitates molecular
exchange between cells, including the horizontal transfer of genetic material. Given
the implications of such transfer events on cell physiology and adaptation, some bac-
terial cells have likely evolved mechanisms to regulate vesicle exchange. Past work has
identified mechanisms that influence the formation of extracellular vesicles, including
the production of small molecules that modulate membrane structure; however,
whether these mechanisms also modulate vesicle uptake and have an overall impact
on the rate of vesicle exchange is unknown. Here, we show that membrane-binding
molecules produced by microbes influence both the formation and uptake of extracel-
lular vesicles and have the overall impact of increasing the vesicle exchange rate
within a bacterial coculture. In effect, production of compounds that increase vesicle
exchange rates encourage gene exchange between neighboring cells. The ability of
several membrane-binding compounds to increase vesicle exchange was demon-
strated. Three of these compounds, nisin, colistin, and polymyxin B, are antimicrobial
peptides added at sub-inhibitory concentrations. These results suggest that a potential
function of exogenous compounds that bind to membranes may be the regulation of
vesicle exchange between cells.

IMPORTANCE The exchange of bacterial extracellular vesicles is one route of gene
transfer between bacteria, although it was unclear if bacteria developed strategies to
modulate the rate of gene transfer within vesicles. In eukaryotes, there are many
examples of specialized molecules that have evolved to facilitate the production, load-
ing, and uptake of vesicles. Recent work with bacteria has shown that some small
molecules influence membrane curvature and induce vesicle formation. Here, we
show that similar compounds facilitate vesicle uptake, thereby increasing the overall
rate of vesicle exchange within bacterial populations. The addition of membrane-bind-
ing compounds, several of them antibiotics at subinhibitory concentrations, to a bacte-
rial coculture increased the rate of horizontal gene transfer via vesicle exchange.

KEYWORDS horizontal gene transfer, membrane biophysics, vesicles

any biomolecules are exchanged via bacterial extracellular vesicles. Bacterial

vesicles are known to contain cytoplasmic and membrane proteins, genetic ma-
terial, and small molecules, including bacterial signaling molecules. The uptake of
vesicles enables molecular transfer between different species of bacteria and from bac-
teria to eukaryotic host cells (1 to 6). Vesicle exchange contributes to horizontal gene
transfer within bacterial populations (7 to 10). Although many mechanisms have been
shown to contribute to bacterial vesicle formation (11 to 19), less is known about
mechanisms cells use to control the exchange of vesicles, which involves both the pro-
duction of vesicles by a donor cell and the uptake of vesicles by a recipient cell. Given
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the importance of vesicle exchange to many cellular processes and the ubiquity of ves-
icle production by many bacterial species (20, 21), it seems likely that bacteria would
have evolved strategies to elicit and control vesicle exchange.

More is known about regulation of vesicle exchange within eukaryotic systems.
Eukaryotic vesicles are essential to signal transmission within neuronal synapses and
are also involved in immune regulation and angiogenesis (22 to 26). Vesicle formation
and uptake both require restructuring the membrane and the formation of energeti-
cally costly intermediate states of the membrane (27 to 29). Eukaryotic cells overcome
these energy barriers through the use of molecular motors and membrane-restructur-
ing molecules to induce membrane curvature (30 to 32). Similar strategies have been
shown in bacteria, with the best example being regulation of vesicle production via
Pseudomonas quinolone signal (PQS) (11). PQS inserts into the bacterial membrane,
inducing curvature and leading to increased vesicle production (11, 14, 33). PQS pro-
duction can also induce vesicle formation in neighboring species (5). Other mem-
brane-binding compounds have been shown to influence vesicle production, including
polymyxin B, colistin, and phenol-soluble modulins (34 to 36). These reports show that
as in eukaryotic cells, vesicle production by bacteria can be regulated by molecules
that bind to and restructure the cell membrane.

It is not known if molecules that restructure the cell membrane also influence vesi-
cle uptake by bacteria, and if the presence of such molecules impacts the overall rate
of vesicle exchange within a population of bacteria. Here, we test the influence of sev-
eral membrane-restructuring compounds on the rate of vesicle production and vesicle
uptake to determine the extent that vesicle exchange can be controlled via exogenous
compounds. Vesicle uptake was quantified through the vesicle-mediated transfer of
plasmid DNA and the resulting gain of antibiotic resistance in the recipient population
(10). These results demonstrate that exogenous bacterial compounds that are known
to bind to and restructure the cell membrane increase vesicle exchange within bacte-
rial populations.

RESULTS

Membrane-structuring protein alpha-synuclein increases the production and
uptake of extracellular vesicles in bacteria. In eukaryotic systems, the production
and uptake of vesicles is regulated by many mechanisms. One mechanism for extracel-
lular vesicle (EV) biogenesis in eukaryotic systems includes recruitment of ESCRT (endo-
somal sorting complexes required for transport) complexes and their interaction with
the membrane and many other factors (37, 38). As for EV uptake in eukaryotic systems,
EV binding and uptake can be regulated by transmitted signals from the cell surface to
elicit uptake (39). As vesicle exchange in bacterial cells could also involve restructuring
and reshaping the cell membrane, we sought to determine if biomolecules known to
interact with cell membrane would regulate exchange of bacterial vesicles. Initial
experiments examined the influence of the well-characterized human protein alpha-
synuclein (AS) on vesicle formation and uptake. AS binds to membranes and is found
in high abundance in presynaptic termini associated with synaptic vesicles (40 to 42).
Alpha-synuclein binds to curved, anionic lipids (43). In addition, previous studies have
suggested a membranolytic effect of AS on bacterial cell (44). We speculated that the
ability of AS to bind to and restructure cellular membranes would translate to modula-
tion of vesicle production and uptake in bacteria at sublethal concentrations.

To test the ability of AS to influence vesicle production, concentrations of purified
AS between 0.01 uM and 0.1 uM were added to cultures of Escherichia coli MG1655
containing the plasmid pLC-RK2 (10) (see Table S1 in the supplemental material).
Vesicles were harvested from culture after 16 to 20 h of growth via size exclusion filtra-
tion and ultracentrifugation (see Fig. 1A). Production of vesicles was measured by
quantifying the concentration of outer membrane proteins, OmpC/F, in solutions of
harvested vesicles via SDS-Polyacrylamide gel electrophoresis (see Fig. S1). As shown
in Fig. 1B, cultures of the E. coli donor strain grown in AS resulted in 2 to 3 times more
vesicle production. AS at 0.1 uM did not strongly influence cell growth (see Fig. S2).
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FIG 1 Alpha-synuclein increases the rates of extracellular vesicle (EV) production and uptake. (A) EVs
were harvested from a donor culture via filtration and centrifugation. The donor strain contained a
plasmid-conferring antibiotic resistance. Harvested EVs were added to a recipient culture, and EV
uptake was monitored by detecting the gain of resistance in recipient cells. (B) Addition of the
membrane binding eukaryotic peptide alpha-synuclein increased the rate of vesicle production by
the E. coli donor strain in a dose-dependent manner. (C) Addition of alpha-synuclein to the recipient
E. coli culture decreased the time to transfer of EVs in a dose-dependent manner. n = 3. Error bars
show standard deviation. Significance in the difference observed in vesicle production and transfer
time between treated and untreated samples was confirmed with unpaired t test (**, P =< 0.01; ***,
P = 0.001; ****, P = 0.0001).

Next, we tested if these same concentrations of AS would likewise influence the
uptake of vesicles by a recipient strain. The assay for vesicle uptake is depicted in Fig. 1A.
Vesicles were harvested from a donor bacterial strain containing a plasmid, and the har-
vested vesicles, some containing the plasmid pLC-RK2, were added to a recipient bacte-
rial strain. Aliquots of the culture of receiver strain with added harvested vesicles were
removed at a set time interval and spread onto antibiotic selection plates. The plasmid
contained a resistance marker, and the recipient strain did not grow on antibiotic selec-
tive plates in the absence of the plasmid. The time needed to detect a recipient cell with
antibiotic resistance was defined as the time to transfer and is proportional to the rate of
successful gene transfer via vesicles. In previous studies, we have shown that gene trans-
fer in vesicles has a characteristic transfer time that depends on the concentrations and
characteristics of the transferred plasmid, the donor strain, and the recipient strain (10).
Gain of resistance in this assay is the result of the uptake of plasmids located inside har-
vested vesicles, as verified by detection of the transferred plasmid in resistant recipient
strains via colony PCR. PCR using primers targeting a sequence on the transferred plas-
mid were performed for 5 to 10 colonies per plate, or all the colonies if the number of
colonies was less than 5. Occasionally, a satellite colony was observed, and these were
not tested, but no resistant colonies were detected that did not contain the transferred
plasmid. Controls in which no vesicles or vesicles from a donor strain without the plas-
mid were added to the recipient culture were run, resulting in no resistant colonies.
Vesicles from an E. coli MG1655 donor strain containing plasmid pLC-RK2 were added to
the recipient strain, E. coli MG1655, at an early exponential growth phase. In transfer
experiments, a standard number of vesicles was used. Vesicles added to recipient
cultures contained a total of 1 ug of the outer membrane proteins OmpC/F, quantified
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via protein gels (see Fig. S1). As shown in Fig. 1C, in the absence of AS gene transfer
occurred after 11 h, whereas the time to transfer was shortened to 8.5 and 5.5 h after
adding 0.01 M and 0.1 M AS, respectively.

Increased vesicle production and uptake rate in the presence of AS suggested that
exogenous molecules known to bind to and restructure cellular membranes have the
potential to modulate vesicle exchange between bacterial cells. Next, we tested if this
phenomenon was general to other exogenous biomolecules known to interact with
outer membranes, specifically compounds naturally released by bacteria.

Membrane binding exogenous molecules produced by bacteria increased vesi-
cle production. Many molecules released by bacteria are known to bind to and restruc-
ture cellular membranes. We hypothesized that like AS, molecules naturally produced by
bacteria that affect membrane structure would modulate rates of vesicle exchange. For
example, Pseudomonas quinolone signal (PQS) has been shown to induce membrane
curvature in both Pseudomonas aeruginosa and red blood cells and influence vesicle pro-
duction (11, 14). Many other membrane-binding molecules released by bacterial cells
have been characterized, including several molecules known to have antibiotic proper-
ties. Like PQS, the membrane binding antibiotic compounds colistin and polymyxin B
(PMB) increased the rate of vesicle production by bacteria (35).

Here, we measured the influence of membrane-structuring molecules such as coli-
stin, nisin, PMB, and PQS on horizontal gene transfer (HGT) via EVs, as each of these
molecules is known to bind to bacterial membranes, and modulation of membrane
shape has been observed (45 to 48). Among these, colistin and PMB are known inhibi-
tors of E. coli growth. In our tests, concentrations below the reported MIC were used
(49, 50) (see Table S2). In Table S2, we define the baseline or 1x concentration used for
each compound tested. As shown in Fig. S3A, colistin and PMB at this 1x concentra-
tion had a temporary effect on cell growth, although normal growth resumed after a
few hours. Colistin and PMB increased the number of cells in the population with com-
promised membranes, as measured using propidium iodide, but that effect was also
transient, as shown in Fig. S3B and S3C. Though Toyofuku et al. showed a small
decrease in E. coli growth upon treatment with 50 uM PQS, several studies indicate
that PQS does not have reported MIC for E. coli cultures (51 to 53). On the other hand,
nisin does not have a well-defined MIC for E. coli. The respective 1x concentrations
were arbitrarily fixed at 10 ug/mL and 20 wg/mL (Table S2). We observed no decrease
in the growth rate or loss of membrane integrity when E. coli cultures were treated ei-
ther with nisin or with PQS, at 1x concentrations (Fig. S3). EV production and uptake
were measured in the presence of each compound using the assays described in
Fig. TA. In control samples, E. coli were treated with 0.5 ug/mL bovine serum albumin
(BSA) or treated with 1 uM N-butyryl-L-homoserine lactone (C4-AHL). Both BSA and C4-
AHL are not known to bind to restructure bacterial membrane, and C4-AHL has been
shown not to influence vesicle production in bacteria (54).

Vesicle production was measured by quantifying the abundance of outer mem-
brane proteins in purified vesicle on SDS-PAGE gel. These measurements were also
compared to nanoparticle tracking analysis, which directly counts EVs in solution (Fig.
S4), as recent publications have shown that vesicle yields using protein-based assays
can be unreliable when comparing different strains and growth conditions (55). As
shown in Fig. 2A and Fig. S5, all three antibiotic compounds and the PQS positive con-
trol increased vesicle production of the E. coli donor strain, similar to previous reports
(11, 14, 56). Vesicle production in the presence of these compounds was concentration
dependent (Fig. 2B). Even upon treatment with 0.25x relative concentration, a nearly
2-fold increase in vesicle production was observed, demonstrating that even at low
concentrations, far below the MIC of colistin and PMB, these compounds have the
potential to influence vesicle production. Vesicle size and morphology were not
strongly affected by these compounds (Fig. S6).

Bacterial-membrane-binding compounds increase vesicle uptake in recipient
cells. The induction of membrane curvature is also essential for vesicle fusion and

therefore vesicle uptake with recipient cells (11, 57 to 59). As shown in Fig. 1, alpha-
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FIG 2 Membrane-binding compounds produced by bacteria increased vesicle production. EV production
was measured by analyzing the concentration of characteristic outer membrane proteins (OmpC/F) in
harvested EVs. (A) Addition of exogenous molecules increased EV production in a culture of E. coli. (B)
Vesicle production increased linearly with increase in drug concentration. 1x relative concentration for
colistin and PMB is 1 uwg/mL and for nisin and PQS is 10 and 20 ug/mL, respectively. Error bars show
standard deviation. Difference between the experimental conditions was validated with unpaired t test
(****, P = 0.0001).

synuclein, a molecule known to restructure membranes, influenced vesicle production
and uptake.

Next, we tested if the four compounds shown to induce vesicle production also
increased vesicle uptake. As in Fig. 1, vesicles were harvested from a donor E. coli strain
containing the plasmid pLC-RK2, which confers kanamycin resistance to the host cells
(10). Donor cells were grown in the absence of the membrane-binding compound,
although as shown in Fig. S7, EV transfer time was not dependent on whether EVs were
produced in the presence or absence of membrane-binding compounds. Recipient cells
grown to exponential phase were treated for 1 h with one of the membrane-binding
compounds prior to the addition of harvested vesicles. Cells were plated every hour on
LB plates with kanamycin to track plasmid transfer. PCR-using primers targeting a
sequence on the transferred plasmid were performed for 5 to 10 colonies per plate, or
for all of the colonies if the number of colonies was less than 5. Occasionally a satellite
colony was observed, and these were not tested. No resistant colonies were detected
that did not contain the transferred plasmid. In controls, no vesicles, or vesicles from a
donor strain without the plasmid, were added to the recipient culture, resulting in no re-
sistant colonies. Vesicles harvested from a donor containing pLC-RK2 transferred around
10 h in the absence of added compound. Uptake in the presence of the 4 membrane-
binding molecules tested decreased in transfer time to 5 to 6 h (see Fig. 3A). Negative

December 2022 Volume 88 Issue 23

10.1128/aem.01346-22

Applied and Environmental Microbiology

5

Downloaded from https://journals.asm.org/journal/aem on 13 January 2023 by 68.181.17.230.


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01346-22

Membrane-Binding Molecules Increase Vesicle Exchange

A B
) 20 1 X concentration ) 1
18 n=3 * %
o xx * ok K k
e« ] =
* *
g14 = 510 +
12t 1 8
2 £
T 10 5
B L
g | ] 17}
g ° s
= o6t 1"
ol J
50 J
0 0
\)0_. « P N S 0 05 1
- RIS & a® P 990 W Nisin rel. conc.

FIG 3 Membrane-binding compounds produced by bacteria increase vesicle uptake. Vesicle uptake
was quantified as the time needed for recipient cells to gain antibiotic resistance as the result of
plasmid transfer via EV uptake. (A) Colistin, nisin, polymyxin B(PMB), and Pseudomonas quinolone
signal (PQS) signal all increased EV uptake in a culture of E. coli. Bovine serum albumin (BSA) and N-
butyryl-.-Homoserine lactone (C4-AHL) were negative controls. (B) Nisin increased EV uptake in a
dose-dependent manner. Error bars show standard deviation. Unpaired t test was used to confirm the
difference between treated and untreated cultures (**, P = 0.01; ***, P = 0.001; ****, P = 0.0001).

controls showed that 0.5 ug/mL BSA and 1 wM C4-AHL did not alter the transfer time of
the plasmid. The reduction in the uptake time was dependent on the concentration of
the added compound, as shown for the case of nisin in Fig. 3B.

Membrane-binding compounds increased the rate of horizontal gene transfer
within a bacterial coculture. Given that the exogenous molecules tested increase both
vesicle production and uptake rates, we next tested if the addition of these compounds
would influence plasmid exchange within a bacterial coculture. As shown in Fig. 4A, expo-
nential cultures of E. coli strains carrying different plasmids were mixed together. One
strain was E. coli MG1655 carrying the pLC291 plasmid with kanamycin resistance, and the
other strain was E. coli DH5« carrying pSC101+ plasmid with ampicillin resistance. Control
experiments confirmed that the plasmids were compatible and could be stably main-
tained in the same cell (data not shown). We hypothesized that plasmid exchange via EVs
would result in a strain with resistance to both antibiotics. Strain DH5« was chosen
because its genome contains a deletion of lacZ, enabling discrimination of the direction of
gene flow via selection on MacConkey agar plates (see Fig. S8).

After inoculating the coculture, 1 mL aliquots were removed every hour, at the pas-
sage time, and used to inoculate fresh media with double antibiotic selection. This cul-
ture, called the gene transfer screen in Fig. 4a, contained kanamycin at 50 wg/mL and
ampicillin at 100 wg/mL; therefore, only cells containing both resistance markers would
proliferate. The fold change in the optical density at 600 nm after 12 h in the gene
transfer screen was used to determine whether plasmid exchange had occurred within
the initial coculture prior to the time of cell passage. This protocol screened a larger
population of cells than plating, allowing us to more reliably detect a small number of
cells with double resistance. As shown in Fig. 4B, in the absence of externally added
membrane binding molecules (condition Strains A+B), cells with double antibiotic re-
sistance were detected after 9 h of coculture. For aliquots of coculture sampled prior
to 9 h, the optical density of the culture in the presence of both antibiotics decreased
over time, whereas coculture aliquots taken at 9 h or later resulted in an increase in op-
tical density over time. Growth in the gene transfer screen indicated that the coculture
contained cells with both plasmids at the time of passage. Cells growing within the
gene transfer screen were streaked out to form single colonies on McConkey's agar
plates with kanamycin and ampicillin, as shown in Fig. S9. We further confirmed the
presence of pLC291 and pSC101+ plasmids in transformants using PCR and analysis of
restriction digestion patterns of reisolated plasmids. PCR primers targeted bla and npt
resistance genes to identify the presence of either the pLC291 or pSC101+ plasmids.
In controls, PCR products were only observed in host cells containing the plasmid of
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FIG 4 Membrane-binding molecules increased the rate of horizontal gene transfer within a bacterial coculture. (A) Two
strains of E. coli harboring plasmids with different antibiotic resistance genes were cocultured. Over time, aliquots of the
coculture were used to inoculate media containing both antibiotics to screen for cells containing both plasmids. OD1 is
the optical density of cells at the beginning of the gene transfer screen, and OD2 is the optical density of cells growing in
double antibiotic selection after 12 h. Growth within the gene transfer screen indicates plasmid exchange within the
coculture prior to the passage time. (B) The change in optical density within the gene transfer screen was used to
compare the rate of plasmid exchange under a variety of conditions, with Strains A + B indicating the positive control.
Treatments include the addition of colistin, nisin, PMB, and PQS at the 1x concentration to the coculture. Controls include
monocultures, monocultures with free plasmid, mixtures of live and dead strains, coculture in the presence of DNase |,
with 0.1% vol/vol DMSO, and mixing of two monocultures during the gene transfer screen. (C) Transfer time for the
positive control (strain A + strain B), compared to treatments with membrane binding compounds. Treatment with DMSO
or DNase | are shown as negative controls. Transfer time is the first passage time at which plasmid transfer was detected.
Error bars indicate standard deviation. Difference between the experimental conditions was validated with unpaired t test
(****, P = 0.0001).

interest (Fig. S10). We randomly selected colonies from the McConkey's plate and con-
firmed the presence of both of the resistance genes using PCR (Fig. S11). Additionally,
we reisolated plasmids from a culture inoculated from the transformed colony and
digested it with EcoNI. DNA fragments were the same as in a digestion of a mixture of
the pLC291 and pSC101+ plasmids (Fig. S12), confirming cells within the colony har-
bored both plasmids.

As shown in Fig. 4B and C, in the presence of membrane binding compounds, the
time needed to observe a strain with double antibiotic resistance was decreased from
8 h to less than 4 h. Control experiments confirmed that (i) monocultures of cells with
only one plasmid did not gain double antibiotic resistance, (ii) free plasmid added to a
monoculture did not result in gene transfer, (iii) dead cells were incapable of transfer-
ring a plasmid, and (iv) genetic transfer did not happen in double selection medium.
DNase | activity within the coculture also did not significantly change the time needed
for gene transfer, suggesting that the transferred plasmid was protected from DNA
degradation. Plasmid transfer within the coculture was also faster when treatments
were added at 0.25x concentration, as shown in Fig. S13.

DISCUSSION

Vesicle exchange is critical to many bacterial processes, such as host invasion, signal
exchange, and gene transfer. Vesicle exchange appears to be ubiquitous and is not
known to require specialized molecular machinery for vesicle production or uptake.
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It seems likely there would be selection pressure to evolve strategies to regulate
vesicle exchange given its potential to facilitate horizontal gene transfer. The ability of
cells to regulate rates of horizontal gene transfer has been observed previously for
other mechanisms of gene transfer (60 to 64). For example, the studies carried out by
the Timmis group in 1994 showed cell lysis mediated by lytic enzymes derived from A
phage, leading to the release of a large amount of extracellular DNA, which was in turn
absorbed by the cells. These studies further showed that transformation scales with
the availability of free DNA (65). Previous studies have revealed several biological pa-
rameters that influence vesicle production, including modulating membrane composi-
tion (13, 66), activation of stress response pathways (35, 59, 67), destruction of the cell
wall, and the production of membrane structuring molecules (13, 35, 59, 66, 68, 69). It
is not surprising that membrane-binding molecules would influence the production of
vesicles, as eukaryotic cells utilize molecules that wedge, crowd, and bend the mem-
brane to overcome the energetic costs of vesicle production. Here, we showed that
membrane-binding molecules produced by bacteria also increased the rate of vesicle
uptake. Some short peptides facilitate membrane fusion, including fusion peptides and
also some antimicrobial peptides (70). Membrane fusion is promoted through a combi-
nation of induction of membrane curvature, charge screening, anchoring two mem-
branes in juxtaposition, and even modulation of membrane rupture tension (70). It
remains unclear how the bacterial peptides tested here facilitate membrane fusion.

Here, we tested the ability of four bacterial compounds, nisin, colistin, PQS, and
PMB, to influence the rate of vesicle exchange. Extensive work on PQS and vesicles has
shown the ability of PQS to induce curvature in membranes through a wedging mech-
anism, which increased vesicle production (11, 71). The other compounds are classified
as antibiotics, which is not surprising given that the mode of action for a large number
of antibiotics is to compromise the bacterial membrane. At high concentrations, these
compounds coat the cell membrane, eventually forming pores that lead to cell death
(72). At low, subinhibitory concentrations, these compounds may have secondary func-
tions, including the regulation of vesicle exchange. Pore formation does not occur at
low concentrations of these molecules (73, 74); instead, binding of these compounds
leads to membrane bending and bleb formation, processes known to facilitate vesicle
formation (56). Colistin and PMB were previously shown to induce EV formation,
although the previous study focused on the ability of EVs to protect bacteria from
membrane-targeting antibiotic compounds and phage infection (35). This is not the
first time that secondary functions have been identified for antibiotic compounds at
sublethal concentrations (74). Low concentrations of fluoroquinolones increased conju-
gation (75), and subinhibitory concentrations of many antibiotics also act as signaling
molecules (73 to 76). Here, we show that regulation of vesicle exchange, and the asso-
ciated horizontal gene transfer, is yet another potential secondary function of some an-
tibiotic compounds.

There are many such membrane-binding antibiotic compounds, including colistin,
nisin, and PMB, and the ability of these compounds to influence vesicle production
and uptake does not seem to require a specialized interaction with membrane compo-
nents. An unknown component found in the supernatants of E. coli and K. pneumoniae
have been shown to increase EV production in P. aeruginosa (5). Subinhibitory concen-
trations of gentamicin also destabilize the membrane and induce vesicle formation in
P. aeruginosa (77). As shown here, even the eukaryotic compound AS that is involved
in membrane restructuring in neurons has the ability to influence vesicle exchange in
bacteria. Therefore, many if not all membrane-binding compounds, including other
amphipathic alpha-helices, may influence vesicle exchange. Membrane-binding pep-
tides such as antimicrobial peptides are produced by many species of bacteria, sug-
gesting many bacteria may employ these molecules for probable regulation of vesicle
exchange, assigning additional function to complex and energy-expensive molecules.

Recently, several mechanisms of vesicle production have been reported (16, 78).
Blebbing is one such mechanism, and the compounds tested here may act through this
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pathway given their ability to induce curvature in bacterial membranes (14, 35). Others
have recently speculated that vesicles loaded by DNA are likely the result of cell explosion
(16). It is possible that low concentration of membrane-binding antibiotics contributes to
vesicle formation through cell lysis, although it seems unlikely cell lysis accounts for the
increased rate of vesicle uptake. Although many recent studies have focused on vesicle
production, little work has been done on vesicle uptake by bacteria. The uptake process is
essential for the transfer of biomolecules in vesicles, such as genetic material, membrane
proteins, regulatory RNAs, and molecules that mediate host-bacterial interactions such as
lipopolysaccharides (LPS) (66, 79). Here, we showed that compounds known to restructure
the membrane facilitated vesicle uptake, but other mechanisms might also regulate the
vesicle uptake rate. In eukaryotic membranes, protein-protein attachments, such as
SNARE proteins, are a first step in endocytosis (29). Some proteins on vesicle surfaces even
insert into the membrane of recipient cells (80). Recent work suggests that uptake of bac-
terial vesicles into eukaryotic host cells appears to be rapid (63), although early studies on
vesicle uptake via bacteria suggest uptake is a rare event (81). A better understanding of
vesicle uptake and the strategies that bacteria have evolved to increase the rate or speci-
ficity of vesicle uptake, in addition to the release of membrane structuring molecules,
would lead to a better understanding of vesicle exchange and its regulation within bacte-
rial populations.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli lab strain MG1655 was used for all extracellular ves-
icle and transfer experiments. DH5« was also used in coculture experiments. Bacteria were grown in
Luria-Bertani (LB) broth (Difco, Sparks, MD) at 37°C with shaking at 200 rpm. Plasmids were introduced
to donor strains via electroporation. Plasmids were maintained in liquid culture with the appropriate
antibiotics (VWR, Radnor, PA). A list of plasmids are in Table S1.

Isolation and purification of EVs. EVs were isolated from liquid cultures of E. coli MG1655 as previ-
ously described (10) with some modifications. Four hundred microliters of overnight culture was used to
inoculate 400 mL of LB broth containing selective antibiotic and added exogenous molecule concentra-
tion when stated. Liquid cultures were grown at 37°C with shaking at 200 rpm for 16 to 20 h. Cells were
pelleted by centrifugation at 1,200 x g at 4°C for 30 min. The supernatants were decanted, and vacuum
filtrated through an ExpressPlus 0.22-um pore-size polyethersulfone (PES) bottle top filter (Millipore,
Billerica, MA) to remove remaining cells and cellular debris. Vesicles were collected by ultracentrifuga-
tion at 80,000 x g (Ti 45 rotor; Beckman Instruments, Inc., Fullerton, CA) at 4°C for 1.5 to 2 h followed by
180,000 x g (Ti 70i rotor; Beckman Instruments, Inc., Fullerton, CA) at 4°C for 1.5 to 2 h, resuspended in
1 mL of phosphate-buffered saline (PBS), and stored at 4°C. Vesicle preparations were treated with
100 ng mL~" of DNase | at 37°C for 20 min followed by deactivation of the DNase | at 80°C for 10 min.
Vesicle preparations were also plated on LB agar to check for the presence of bacterial cells.

EV quantification. Extracellular vesicle concentrations were quantified using SDS-Polyacrylamide
gel electrophoresis. Vesicle preparations were treated with 6 x SDS loading buffer. boiled for 10 min at
100°C, run on a 10% SDS-PAGE gel (Bio-Rad Laboratories, Hercules, CA), stained for 15 min with
Coomassie brilliant blue stain, and destained in H,O, methanol and acetic acid (50/40/10 vol/vol/vol)
overnight. Protein concentrations of OmpC/F were determined using ImageJ from a standard curve gen-
erated by a BSA protein concentration gradient measured for each experiment. An example standard
curve is shown in Fig. S1. Protein concentrations of OmpC/F were used to quantify vesicle concentration
and production relative to untreated cells.

Exogenous molecules used. Colistin sulfate salt, nisin, and polymyxin B sulfate were dissolved in
deionized water for the preparation of stock solutions, while 2-Heptyl-3-hydroxy-4(1H)-quinolone (PQS)
(Sigma-Aldrich Corp., St. Louis, MO) was dissolved in 100% dimethyl sulfoxide (DMSO). As shown in Fig. 4B,
this concentration of DMSO did not significantly change the gene transfer time in coculture. This concentra-
tion of DMSO, 0.1% vol/vol, was previously not shown to modulate membrane structure (82). Purified alpha-
synuclein was provided by Ralf Langen’s lab at the University of Southern California (31).

Measurement of bacterial growth. An overnight culture of E. coli MG1655 was used to inoculate
parallel cultures treated with 1 wg/mL colistin, 10 wg/mL nisin, 1 wg/mL PMB, or 20 ng/mL PQS, at 1%
inoculum. The growth of all cultures was monitored in 96 wells at 600 nm using a plate reader (TECAN,
infinite M200PRO) for 12 h at 37°C with intermittent shaking for 30 secs.

Propidium iodide assay. Twenty-five milliliters of secondary cultures of E. coli MG1655 were grown
at 37°C, 200 rpm until optical density (OD) reached ~0.2, after which individual cultures were subjected
to the treatment with 1 wg/mL colistin, 10 wg/mL nisin, 1 wg/mL PMB, or 20 nwg/mL PQS. Treated cells
were harvested at 0, 2, 5, and 10 hours, washed thrice with 1x PBS, and stained with Propidium lodide
Ready Flow Reagent (Invitrogen by Thermo Fisher Scientific) at 25°C. The culture was again washed with
1x PBS and fixed with 4% paraformaldehyde (PFA). Five microliters of aliquot from these cultures was
then spread on agar pad and imaged with 40x/0.6 NA objective on an ECHO revolve microscope in
phase contrast and red fluorescent protein (RFP) channel.
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EV-mediated gene transfer. Gene transfer experiments were modified from previously published
work (10). The E. coli recipient strain was diluted 1:1,000 from overnight culture in 4 mL LB broth (Difco,
Sparks, MD) at 37°C with shaking at 200 rpm to early log phase, ODg, 0.2, ~2 h, and exogenous molecules
were added and incubated for 30 min. Then at time zero hour, purified vesicles were added. The number of
vesicles added to recipient cultures was standardized for transfer experiments. In all transfer assays, vesicles
equivalent to 1 ug of the outer membrane proteins OmpC/F were used. Every hour, 200 uL of culture was
removed and plated on LB agar plates containing either 50 ug mL~" kanamycin, 50 ug mL™" carbenicillin,
or both, depending on plasmid resistance. After 16 h of incubation at 37°C, plates were analyzed for the pres-
ence of colonies. The bacterial colonies that acquired antibiotic resistance were reselected on antibiotic
selection plates, and the presence of the transferred plasmid was verified for several colonies using PCR.
Gain of resistance not associated with plasmid transfer was not observed for any condition tested, and as
shown in Fig. 4b, monocultures of each strain did not gain resistance over 12 h of culture.

EV coculture gene transfer. Coculture experiments were performed using DH5« (AlacZ) cells trans-
formed with pSC101+ (bla) and MG1655 (with lacZ) transformed with pLC-RK2 (npr). Each strain was grown
separately starting in overnight cultures and mixed together in 1:1 proportion the next day. The resultant
inoculum was added to fresh 100 mL LB at 1% inoculum and grown at 37°C with shaking at 200 rpm for
another 12 h. One-milliliter samples withdrawn periodically after every hour from the coculture were washed
thrice with 1x PBS to remove compounds in the supernatant, such as secreted beta-lactamase. Washed cells
were inoculated in 10 mL LB containing ampicillin (100 ng/mL) and kanamycin (50 ng/mL). Optical densities
of these cultures were recorded for all 13 time points (SPECTRONIC 200, Thermo Fisher Scientific) and
denoted as OD1. This was followed by incubation of cultures at 37°C and 200 rpm approximately for 12 h
and measured for changes in respective optical densities (OD2). The ratio of OD2 to OD1 was used to deter-
mine if growth occurred in the presence of selection for both resistance markers. Cultures were streaked on
LB agar containing ampicillin and kanamycin to confirm the presence of double transformants. Colonies
thus obtained were randomly selected for colony PCR to confirm the presence of bla and npt genes in trans-
formed cells. (Fig. S10). In addition, cultures at time points with a ratio above 1 were streaked on
MacConkey's agar (Sigma-Aldrich) containing ampicillin and kanamycin to differentiate between the two
hosts. At this step, an isolated colony was selected to isolate extrachromosomal content and subject it to
restriction digestion to further confirm the acquisition of plasmids of interest by the host strain.

Nanoparticle tracking analysis (NTA). Malvern Panalytical Nanosight NS300 was used (Malvern, UK),
equipped with a 532-nm green laser. All samples were diluted in PBS to a final volume of 1 mL. For each
measurement, five 1-min videos were captured with a detection threshold of 5, embedded laser, and 45
mW. After capture, videos were analyzed by the in-build Nanosight Software NTA 3.1 Build 3.1.46.

Colony PCR. PCR was performed using colonies from transfer assays using OneTag (New England
BioLabs, Inc., Ipswich, MA). Briefly, the reaction mixtures consisted of 0.5 uL of bacterial colony resus-
pended in H,0, 0.2-uM primers, and 1 U of OneTaq polymerase (New England BioLabs, Inc., Ipswich,
MA) in a final volume of 25 uL. The program consisted of 25 cycles of denaturing at 94°C for 30 s,
annealing at 60°C for 60 s, and extension at 68°C for 30 s. Primers used for pLC-RK2 were as follows: for-
ward-5'-CATTCGTGATTGCGCCTGAG-3'; reverse-5'-TCAACGGGAAACGTCTTGCT-3'; for pSC101, forward-
5'-AGTGATAACACTGCGGCCAA-3’; reverse-5'-TGAGGCACCTATCTCAGCGA-3'.

Restriction digestion. Following gene transfer within the coculture, a randomly selected colony
from McConkey's agar containing ampicillin (100 xg/mL) and kanamycin (50 nwg/mL) was grown in fresh
LB with ampicillin and kanamycin selection. Plasmids were isolated from the culture using QlAprep Spin
Miniprep kit, and the isolated plasmids were digested with EcoNI at 37°C for 3 h. Resulting digests were
then run on 0.8% agarose gel and compared to samples of controls of digested pLC291, pSC101+, and
1:1 mixtures of pLC291 and pSC101+.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.3 MB.
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