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ABSTRACT Horizontal gene transfer is responsible for the exchange of many types
of genetic elements, including plasmids. Properties of the exchanged genetic ele-
ment are known to influence the efficiency of transfer via the mechanisms of conju-
gation, transduction, and transformation. Recently, an alternative general pathway of
horizontal gene transfer has been identified, namely, gene exchange by extracellular
vesicles. Although extracellular vesicles have been shown to facilitate the exchange
of several types of plasmids, the influence of plasmid characteristics on genetic ex-
change within vesicles is unclear. Here, a set of different plasmids was constructed
to systematically test the impact of plasmid properties, specifically, plasmid copy
number, size, and origin of replication, on gene transfer in vesicles. The influence of
each property on the production, packaging, and uptake of vesicles containing bac-
terial plasmids was quantified, revealing how plasmid properties modulate vesicle-
mediated horizontal gene transfer. The loading of plasmids into vesicles correlates
with the plasmid copy number and is influenced by characteristics that help set the
number of plasmids within a cell, including size and origin of replication. Plasmid or-
igin also has a separate impact on both vesicle loading and uptake, demonstrating
that the origin of replication is a major determinant of the propensity of specific
plasmids to transfer within extracellular vesicles.

IMPORTANCE Extracellular vesicle formation and exchange are common within bac-
terial populations. Vesicles package multiple types of biomolecules, including ge-
netic material. The exchange of extracellular vesicles containing genetic material
facilitates interspecies DNA transfer and may be a promiscuous mechanism of hori-
zontal gene transfer. Unlike other mechanisms of horizontal gene transfer, it is un-
clear whether characteristics of the exchanged DNA impact the likelihood of transfer
in vesicles. Here, we systematically examine the influence of plasmid copy number,
size, and origin of replication on the loading of DNA into vesicles and the uptake of
DNA containing vesicles by recipient cells. These results reveal how each plasmid
characteristic impacts gene transfer in vesicles and contribute to a greater under- Citation Tran F, Boedicker JQ. 2019, Plasmid
standing of the importance of vesicle-mediated gene exchange in the landscape of characteristics modulate the propensity of
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bacterial species: conjugation, transformation, and transduction (6). More recently, a
fourth mechanism of gene transfer was identified in which genetic material is ex-
changed through extracellular vesicles (7-9). Although gene transfer and its limitations
have been detailed for the mechanisms of conjugation, transformation, and transduc-
tion, no previous study has systematically examined how the propensity of gene
transfer in vesicles depends on the properties of the exchanged DNA. Understanding
the role of DNA characteristics in controlling the loading and exchange of DNA in
extracellular vesicles (EVs) will explicate the contribution of vesicle-mediated gene
exchange to gene flow within microbial populations.

Gene exchange in extracellular vesicles appears to be a universal route of gene
transfer. A large consortium of bacterial species currently studied, from Gram negative
to Gram positive, release functional extracellular vesicles (10, 11), and several species
have been shown to take up genes from vesicles (12). These vesicles often contain
genetic material (8, 9, 13). EVs offer a protective packaging system for DNA and other
macromolecules found inside EVs, including active proteins, lipids, nucleic acids, and
metabolites(14), suggesting that vesicles permit DNA transfer over longer distances
and time frames. The repertoire of genetic material found in vesicles includes RNA,
linear DNA fragments, and plasmid DNA, with sizes of up to 3,700 kb detected. DNA
found in EVs originates from bacterial chromosomes, plasmids, and viral infection.
However, no studies to date have examined whether DNA loading is regulated or
random. Moreover, it is unclear if characteristics of the DNA cargo influence either
vesicle production, the efficiency of loading DNA into vesicles, or the uptake of genetic
material in vesicles.

Based on studies of gene transfer via conjugation, transformation, and transduction,
we anticipate gene transfer in EVs will depend on the identity of the transferred DNA.
The genetic content of a given plasmid governs not only the ability for it to be
transferred but also the efficacy of transfer in the other three commonly studied modes
of HGT (15-18). Conjugation is dependent on the origin of replication being compatible
with the molecular machinery of conjugative transfers (19, 20). Plasmid size and copy
number have also been shown to control plasmid transfer by conjugation (20-22). In
transformation, DNA size has a significant effect on the uptake of free DNA from the
environment (23-25). Transduction is also affected by plasmid characteristics. Viruses
modify bacterial plasmids to generate effective transferrable DNA for transduction,
including modulating the plasmid size and controlling plasmid copy number (26, 27).
Since the recent discovery of vesicle-mediated gene transfer, we lack a similar under-
standing of the relationship between plasmid characteristics and DNA loading and
transfer rates in vesicles. The only work to date is by Lamichhane et al., who demon-
strated that plasmid size impacts its packaging into artificial vesicles via electroporation
(28). This suggests that naturally formed EVs from bacterial cells would also be affected
by DNA size. Here, we explore how these similar characteristics influence plasmid
exchange in vesicles.

To probe these questions, we constructed a set a plasmids with various plasmid
characteristics and quantified the influence of each characteristic on vesicle-mediated
gene exchange. We investigated the roles of plasmid copy number (PCN), replication
origins, and plasmid size in the production and exchange of extracellular vesicles
containing plasmids. Our findings offer a systematic dissection of how changing DNA
physiology is reflected in vesicle production, loading, and gene transfer.

RESULTS

Characterizing plasmid transfer within extracellular vesicles. Previous work,
including our own, has looked at the role of vesicles in facilitating horizontal gene
transfer between bacterial cells (12). To look more closely at the parameters that control
the rate of HGT via extracellular vesicles, we examined how plasmid characteristics,
specifically, plasmid copy number, size, and origin, influence DNA loading and gene
transfer within EVs. Several reports have detailed how plasmid-containing EVs can be
isolated and characterized (12, 29-31). Briefly, Escherichia coli donor strain MG1655
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containing the plasmid of interest was grown to stationary phase. To harvest EVs, the
cells were pelleted by centrifugation, the supernatants were filtered, and EVs were
concentrated by ultracentrifugation and treated with DNase | to remove free DNA. With
these harvested vesicles, we were able to quantify vesicle production as well as both
the loading of specific genetic cargo into vesicles and gene transfer via the uptake of
these vesicles by recipient cells.

Gel electrophoresis and quantitative PCR were used to quantify harvested EVs
and their cargo. The amount of harvested vesicles was determined using SDS-
polyacrylamide gel electrophoresis to measure the amount of the abundant outer
membrane proteins OmpA, -C, and -F in harvested EVs. In previous studies, we found
that the results from protein gels agreed with those from Bradford assays and lipid
assays performed on vesicle solutions (12). Quantitative PCR was used to quantify the
number of plasmids in the harvested vesicles. A standardized amount of vesicles,
0.001 mg, was lysed by boiling for 5 min, and quantitative PCR (qPCR) primers targeted
to each plasmid were used (see Table S1 in the supplemental material). Standard curves
were generated for each plasmid using concentrations of 0.001 ng, 0.01 ng, 0.1 ng, and
1 ng of purified plasmids plotted against their cycle threshold (C;) values. Together,
these two measurements enabled a comparison of the loading of different plasmids
into EVs, reported as plasmids per picogram of vesicle protein. These numbers con-
verted to between 1% and nearly 100% of the EVs containing a target plasmid (12) (see
Table S2).

The ability of plasmid-containing EVs to facilitate gene exchange was measured in
gene uptake experiments. As previously reported, for all EV uptake measurements, a
uniform amount of EVs was used in all transfer experiments, specifically, 0.01 mg of
corresponding membrane protein for harvested vesicles (12). The plasmid contains a
resistance marker not found in the recipient strain. Over time, aliquots of the recipient
culture were plated on agar medium plates selective for the resistance marker on the
plasmid to monitor EV-mediated plasmid transfer. EVs loaded with specific plasmids
have a characteristic uptake time (12). The time needed for a cell in a population to gain
antibiotic resistance after the addition of harvested vesicles is referred to as the gene
transfer time. Previously, we showed that the gene transfer time did not depend on the
resistance marker used and was not strongly influenced by the time needed to gain
resistance after gene uptake (12).

Using these two metrics, namely, plasmid loading and gene transfer time, we
examined sets of plasmids with variable copy numbers, sizes, and origins to understand
how plasmid characteristics influenced the rate of horizontal plasmid transfer in EVs.

Influence of plasmid copy number on EV-mediated gene transfer. The regula-
tion and control of molecules that are shuttled into EVs during biogenesis are not
understood. Given that no known machinery for loading cargo into vesicles has been
identified and that previous measurements found that in some cases, only a small
percentage of EVs were loaded with plasmid cargo (12), the loading of plasmids into
vesicles may be a random process. If the process is random, it seems likely that the
loading of plasmids into EVs and the subsequent delivery into recipient cells scale with
plasmid copy number.

To test this hypothesis, we modified the replication origin of the plasmid pSC101 to
manipulate the plasmid copy number (PCN), or the average number of plasmids per
cell. Previous work has shown that specific point mutations in the SC101 origin have
large effects on PCN (32). The three plasmids constructed were named SC101, SC101+,
and SC101++ (Fig. 1A). After construction, each plasmid was electroporated into the
donor E. coli strain. The plasmid copy number was determined as the ratio of the
number of plasmids to the number of copies of the chromosomal gene dxs by using
gPCR (33). As shown in Fig. 1A, these modifications of the origin increased the PCN from
~5 to 250.

Next, we quantified the impact of increased PCN on plasmid loading and vesicle-
mediated gene exchange. Increasing the plasmid copy number of pSC101 did not
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FIG 1 Tuning of plasmid copy number controls loading into vesicles. (A) Three plasmids were con-
structed using point mutations of the pSC101 replication origin, generating plasmids with increasing
plasmid copy number, as confirmed by qPCR. (B) The number of plasmids per picogram of vesicle protein
increased with increased plasmid copy number. (C) The gene transfer time decreased as plasmid copy
number increased. Error bars signify standard deviations. **, P < 0.01; ***, P < 0.001.

influence the total amount of vesicles harvested from liquid culture or the average size
of vesicles (see Fig. S1 and S2). We measured plasmid packaging of SC101, SC101+, and
SC101++ into EVs. The number of plasmids loaded into vesicles as measured per
vesicle protein increases with increasing PCN (Fig. 1B). Previously, we showed that
vesicle-mediated gene transfer is dose dependent; the rate of gene transfer via EVs was
proportional to the number of plasmid-containing vesicles added (12). Transfer exper-
iments confirmed that the gene transfer time decreased as the PCN increased (Fig. 1C).

Plasmid size weakly impacts gene exchange in vesicles. In addition to copy
number, we speculated that plasmid size might also influence the rate of gene
exchange in vesicles. The DNA size affects the mobility of plasmids during horizontal
gene transfer in conjugation and has been shown to limit transformation (34, 35). To
examine the effects of plasmid size on extracellular vesicle loading and gene transfer,
we generated four plasmids of various sizes based on plasmid pLC291. To increase
plasmid size, we inserted nonfunctional lambda phage DNA into the plasmid using
Gibson assembly, as described in Materials and Methods. The final plasmids were 3.5,
7,10, and 15 kb in size, as verified by restriction digestion (Fig. 2A). Each plasmid was
named according to its size in kilobases: pLC-3.5, pLC-7.5, pLC-10, and pLC-15. E. coli
cells were electroporated with each plasmid, and vesicles were harvested and charac-
terized as described above. Vesicle production slightly increased as plasmid size
increased; pLC-3.5 and pLC-7.5 plasmids produced 0.48 and 0.5 mg, respectively,
whereas pLC-10 and pLC-15 produced 0.7 mg and 0.76 mg, respectively (see Fig. S3).
Although vesicle production was affected by plasmid size, the EV size remained
unchanged. We measured vesicle size distribution by dynamic light scattering (DLS)
and report consistent distributions of vesicle sizes among EVs carrying no plasmids and
those packed with plasmid pLC-15 (see Fig. S4).

Next we explored the effects of plasmid size on the efficiency of DNA loading into
extracellular vesicles. Using purified EVs from bacterial cell cultures carrying one of four
plasmid sizes, pLC-3.5, pLC-7.5, pLC-10, and pLC-15, we performed quantitative PCR to
measure plasmid copy number per picogram of vesicle protein (Fig. 2B). There is a weak
trend toward greater loading for smaller plasmids. Using previously described methods,
the number of plasmids per vesicle was also calculated (Table S2). Plasmids pLC-3.5 and
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FIG 2 The impact of plasmid size on vesicle production and transfer. (A) Four plasmids were constructed with
pLC291 origin and variable lengths of nonfunctional lambda phage DNA. Plasmid construct sizes were confirmed
using restriction digestion and gel electrophoresis. (B) The number of plasmids per picogram of vesicle protein. (C)
Plasmid copy number per genomic copy was quantified by gPCR. (D) Gene transfer time for vesicles containing
plasmids pLC-3.5, pLC-7.5, pLC-10, and pLC-15. Error bars signify standard deviations. *, P < 0.05; **, P < 0.01; ***,
P < 0.001; NS, P> 0.05.

pLC-7.5 had a packaging of 0.26 and 0.18 plasmid per vesicle, respectively, approxi-
mately 2 times more than the packaging of both pLC-10 and pLC-15 plasmids, which
have loadings of 0.079 and 0.078 plasmid per vesicle, respectively (Table S2). To see if
plasmid copy number plays a role in DNA loading, we measured plasmid copy number
per genome copy of each plasmid in stationary-phase E. coli cells by using quantitative
PCR. Plasmid copy number was inversely affected by plasmid size: 686, 519, 235, and
189 copies per genomic copy for pLC-3.5, pLC-7.5, pLC-10, and pLC-15 plasmids,
respectively (Fig. 2C and Table S2). Bacterial extracellular vesicles were capable of
loading a range of plasmid sizes, from 3.5 to 15 kb.

To determine if plasmid size influenced vesicle-mediated gene uptake, extracellular
vesicles isolated from donor strains containing each plasmid were used in transfer
experiments, as described above. Figure 2D shows a slight increase in transfer time as
the plasmid gets larger. The results indicate that vesicle-mediate gene transfer is
effective for a range of plasmid sizes and that plasmid packaging and transfer times
were similar for plasmid sizes up to 15 kb.

Plasmid origin affects DNA loading and transfer time. In addition to plasmid
copy number and size, origin is another characteristic of a plasmid that may play a role
in horizontal gene transfer. The plasmid origin encodes the regulatory mechanism
controlling plasmid replication, but the origin also contributes to multiple aspects of
plasmid physiology (36, 37).

To evaluate the effects of plasmid origin on vesicle production and exchange, we
constructed three plasmids for comparison, all 3.5 kb in size, with different origins:
pMB1, pLC with dual origins of RK2 and ColE1, and SC101 (Fig. 3A). pMB1 has a
ColE1-like origin of replication with high copy number. This origin of replication is
controlled by Rom/Rop proteins priming the interaction with RNA |, leading to high
copy number (38). pLC is the same as pLC-3.5 from Fig. 2, and SC101 is the lowest copy
number variant of the pSC101 plasmid used in Fig. 1. The RK2 origin from pLC uses an

April 2019 Volume 201 Issue 7 e00430-18

Journal of Bacteriology

jb.asm.org 5

1sanb Aq 6102 ‘2 @unp uo /610 wse ql//:dny woly papeojumoq


https://jb.asm.org
http://jb.asm.org/

Tran and Boedicker

B
A _ 102 P ——
— = == 2 p-values for
= all other
‘ Z 102 pairsze
> comparisons
pMB1 pLC Sc1o01 g <0.0001
o
2 1
(UE‘3 10 -
ot
10°
pMB1 pLC SC101
D
& 10°¢ 1 p-values for all pairwise 20 *xk
= ik comparisons <0.0001 = i
LD T 15 I
8% 104 B
n 2 "4 2
T o S
T o : S 10
£:9 & =
[ Q
82 . s
2 E S|k I
100 0
pMB1 pLC  SC101 pMB1 pLC ~ SC101

FIG 3 Impact of plasmid origin on vesicle production and size. (A) Three 3.5-kb plasmids were con-
structed with different origins of replication: pMB1, RK2+ColE1 (pLC), and SC101. (B) Plasmid copy
number per genomic copy was quantified by qPCR. (C) Number of plasmids per picogram of vesicle
protein quantified by qPCR. (D) Extracellular vesicles were isolated from E. coli cells carrying one of three
plasmids types, pMB1, pLC or SC101, and used in gene transfer measurements. Error bars signify standard
deviations. *, P < 0.05; ***, P < 0.001; NS, P > 0.05.

internal initiation codon of trfA and allows for broad-host-range maintenance (39). Both
ColE1 derivatives and RK2 origins have been shown to be targeted to specific subcel-
lular locations near midcell (39). The pSC101 origin uses a Rep initiator protein to bind
intron regions controlling replication and includes a partitioning locus to stabilize
inheritance (40). In our previous study, we observed that plasmids with different origins
were transferred by EVs at differing rates (12), although the plasmids compared
previously were of various sizes. Here, we constructed plasmids with different origins
and a uniform size to examine the isolated role of the origin of replication on
vesicle-mediated transfer rates. The PCNs for these plasmids were widely different,
ranging from 6 to >600, as reported in Fig. 3B and Table S2. As described above, we
purified vesicles from E. coli cells transformed with each plasmid and measured
EV production using SDS-PAGE gels stained with Coomassie blue (see Fig. S5). Vesicle
production and vesicle sizes were similar between EVs with different origins, with pMB1
producing slightly more vesicles (Fig. S5 and S6).

We next measured the packaging of each plasmid type (pMB1, pLC, and SC101) into
vesicles. There were 364.45 X 103 copies per pg of vesicle protein of plasmid pMB1 and
3.13 X 102 and 1.12 X 103 copies per pg of vesicle protein for pLC and SC101, respec-
tively (Fig. 3C). Plasmid copy number per vesicle was also calculated using methods for
quantifying vesicle number by outer membrane protein concentration and an average
vesicle diameter of 0.2 um. E. coli cells grown in liquid cultures loaded 1.45 plasmids per
vesicle of pMB1, 30 times more than for the SC101 plasmid (0.05 copy per vesicle), and
approximately 10 times more than for RK2 (0.18 copy per EV).

Plasmid physiology can have significant control over its own range and capacity for
horizontal gene transfer (34, 39, 41). To examine how plasmid origin influences gene
transfer in vesicles, we performed transfer assays as described above and observed that
DNA transfer was strongly affected by plasmid origin (Fig. 3D).

Role of plasmid characteristics in plasmid packaging into vesicles and subse-
quent rates of vesicle-mediated gene transfer. Combining the results for how
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FIG 4 Summarizing the impact of plasmid characteristics on vesicle packaging and DNA transfer rates.
(A) Plasmid loading per vesicle is plotted against plasmid copy number. Lines show linear fits for each
plasmid origin. (B) Gene transfer rates calculated from time-to-transfer measurements. (C) Gene transfer
rates normalized to the average number of plasmids per vesicle. Error bars show standard errors. *,
P < 0.05; **, P<0.01; ***, P<0.001.

plasmid copy number, size, and origin influence vesicle-mediated gene exchange, we
see several intriguing trends. The process of gene exchange in vesicles can be sepa-
rated into two essential steps, namely, the packing of genetic material into vesicles
made by a donor cell and the uptake of these vesicles by a recipient cell. Figure 4A
shows the packaging of all plasmids used in this study versus the copy number. Here,
we used the same amount of characteristic outer membrane proteins in harvested
vesicles and vesicle sizes to calculate the average loading of plasmids per vesicle, as
reported in Table S2. We observed a linear increase in plasmid packaging with PCN, but
only for plasmids with the same origin. Each origin seems to follow its own linear
packaging curve. The strong and separate influence of origin on plasmid packaging
into vesicles can clearly be seen when comparing the pLC plasmid, with a PCN of 686
and which packages 0.18 plasmid per vesicle, to pMB1, with a similar PCN of 650 and
that packages 1.48 plasmids per vesicle. Although plasmid variants with RK2 and pMB1
origins have similar PCNs, pMB1 loaded nearly 10 times more plasmids into vesicles,
demonstrating a significant role of the replication origin on DNA packaging in vesicles.

A comprehensive view of the influence of plasmid size, PCN, and origin on vesicle
uptake is shown in Fig. 4B. Measurements of the time to transfer in gene uptake
experiments were used to calculate the gene transfer rate. Gene uptake was approxi-
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mated to follow a Poisson process with rate constant r. By using a maximum likelihood
approach, we determined the value of the gene transfer rate (r) that was most probable
given the time-to-transfer measurements for each plasmid (see supplemental text and
Fig. S7). The fitting procedure also took into account a potential delay between the
actual gene transfer event and the detection of the transfer event by selective plating.
Figure 4B shows that gene transfer rates varied approximately an order of magnitude
from 0.07h~" to 0.7h~"'. As expected, plasmids with high copy numbers, such as
SC101++, pLC-3.5, and pMB1, had the highest rates of gene transfer. Vesicle-mediated
transfer occurs at approximately 2 X 10~2° gene transfer event per hour per vesicle per
recipient cell. Although slow, this leads to transfer events within hours to days. For
further discussion, see the supplemental information in our previous study (12).

For all transfer measurements, uniform amounts of vesicles were added to the donor
cultures; however, as shown in Fig. 4A, the amount of plasmid per vesicle depended on
both the origin and PCN. A different perspective emerges when the uptake rate is
normalized for the average number of plasmids per vesicle. As shown in Fig. 4C, on a
per plasmid basis, the gene transfer rate was not strongly influenced by plasmid copy
number or size. Unpaired t tests of gene transfer rates per plasmid between plasmids
with the same origin had P values of >0.12, with most pairs having a P value >0.5.
Plasmids with a higher copy number had a greater chance of being incorporated into
a vesicle, but all vesicles containing plasmids with the same origin were equally likely
to be taken up. Instead, the origin was the major determinant of gene uptake in
vesicles. Vesicles containing pLC plasmids had a roughly 10-fold-greater rate of uptake
than vesicles containing a pMB1 plasmid. Together, these plots show that plasmid copy
number, size, and origin, through its influence on copy number, impact the packaging
efficiency of plasmids into vesicles. Plasmid origin also has an important secondary
influence on the vesicle uptake rate.

DISCUSSION

Recent reports have demonstrated that extracellular vesicles mediate gene ex-
change within bacterial populations (9, 12, 42), but unlike other mechanism of HGT, no
study has systematically examined how gene exchange rates in vesicles depend on
characteristics of the exchanged genetic material. DNA characteristics were previously
shown to influence the efficacy and rate of DNA exchange in other mechanisms of
HGT (26, 27, 35). Our study delineates plasmid characteristics, including plasmid copy
number, plasmid size, and the origin of replication, to understand individual DNA
characteristic contributions to DNA loading and vesicle-mediated gene transfer. Our
results demonstrate that vesicles direct the exchange of diverse genetic material and
that several characteristics of the exchanged genetic elements modulate transfer.

In our previous study, we showed that the time of transfer in vesicle-mediated
exchange is scaled to increasing doses of EVs (12). Here, we demonstrate that the
dose-dependent control on transfer time is directly regulated by the plasmid copy
number. The higher the PCN, the more plasmid is loaded and the faster the transfer
time. The increased efficiency of vesicle-mediated gene exchange with higher PCNs
suggests a selective pressure toward higher copy number for plasmids that rely on
vesicle-mediated exchange for maintenance in a bacterial population. It has been
shown that in some circumstances, an increased plasmid copy number can burden the
cell, which results in a loss of plasmids from the cell at a specific threshold (43, 44).
Therefore, we speculate the evolution of some plasmids favors a copy number that
balances both plasmid maintenance and effective transfer between cells.

We also examined the influence of size on vesicle-mediated HGT. Our data show that
plasmids of up to 15 kb are transferred effectively to recipient cells with minimal time
delay compared to that of a plasmid size of 3.5 kb (Fig. 2D). E. coli cells are capable of
loading a broad spectrum of plasmid sizes into extracellular vesicles. Plasmid size
appears to indirectly influence packaging into vesicles through its effect on copy
number (Fig. 2B; see Table S2 in the supplemental material). Bacteria may favor smaller
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plasmid sizes that are more proficient in DNA transfer, although more work is needed
to directly connect plasmid properties with gene transfer in wild bacterial populations.

Origins of replication also control plasmid exchange in vesicles. Plasmid replicons
play important roles in plasmid physiology. Origins control copy number and replica-
tion efficiency and ensure maintenance. Plasmid origins also affect host ranges across
bacterial species. Here, we demonstrate that plasmid origin has large effects on both
the loading and uptake of plasmids in vesicles (Fig. 3). Although DNA loading scales
with plasmid copy number, linear scaling only holds for plasmids with the same origin
(Fig. 4A). The mechanism through which vesicle loading is biased for some plasmid
origins remains unclear. The origin is known to influence plasmid localization in the cell,
which can affect mobility during conjugation and transformation (36, 37). DNA topol-
ogy also depends on the origin of replication (45, 46), which may have an effect on the
ability to load into vesicles.

The replication origin also controls the rates of plasmid transfer through a mecha-
nism independent from vesicle loading. Vesicles containing variants of the pLC plas-
mids were successfully taken up 11 times faster than those containing pMB1 (Fig. 4B
and Q). The mechanism through which origin regulates plasmid uptake in vesicles is
unclear. The contents of a vesicle might influence the characteristics of the vesicle
membrane, such as the molecular composition, shape, or charge of the vesicle. Such
changes to the outside the membrane would likely influence uptake. Another possi-
bility is that the origin influences the distribution of the number of plasmids per vesicle.
Here, uptake times were normalized according to the average number of plasmids per
vesicle. The loading of many plasmids into a single vesicle should reduce the uptake
rate per plasmid. Given that plasmids of a length of 11,000 bp are known to have a
radius of gyration near 170 nm (47), it seems unlikely that more than a few plasmids
would fit into each vesicle. Supercoiling, DNA binding proteins, and processes such as
plasmid dimerization, or handcuffing (48), that occur for some plasmids should influ-
ence the plasmid distribution among vesicles. The success rate of gene uptake might
be a third mechanism through which origin impacts vesicle-mediated gene uptake.
Although the biophysics of transferring vesicle cargo into a recipient cell are not yet
resolved, gene uptake in vesicles likely involves fusion of the vesicle with the recipient
membrane and movement of the genetic material from the vesicle lumen to the cytosol
of the recipient cell (49, 50). The origin potentially controls the efficiency of the second
step, with some origins leading to plasmids “getting lost” before uptake
of the plasmid is complete. These possible ways in which plasmid origin influences
vesicle-mediated gene uptake are speculative at this point, and mechanistic studies of
the process of both vesicle uptake in general and gene uptake through vesicles are
needed.

These results, for the first time, quantify the relationship between plasmid charac-
teristics and vesicle-mediated gene transfer. Vesicle-mediated transfer offers a new
possibility for the exchange of larger-size plasmids than by transformation. We dem-
onstrate that loading into vesicles scales linearly with PCN, but only for plasmids with
the same origin. Loading of low-copy-number plasmids into vesicles is 10% or less,
which supports a random or, at the very least, inefficient loading mechanism. Vesicle-
mediated exchange may be most relevant for the movement of high-copy-number
plasmids. The second major conclusion is that plasmid origin is a major factor that
determines the efficiency of exchange in vesicles. The impact of origin on PCN and its
independent contribution to vesicle-mediated gene uptake suggest that some origins
may have evolved to efficiently be transferred via vesicles. Future studies that further
elucidate the mechanisms that modulate gene transfer in vesicles should help contex-
tualize the contribution of vesicle-mediated exchange in the overall picture of hori-
zontal gene transfer in bacterial populations.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli lab strain MG1655 was used for all extracellular
vesicle and transfer experiments. Chemically competent E. coli 5-alpha was used for cloning (New
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England BioLabs, Ipswich, MA). Bacteria were grown in Luria-Bertani (LB) broth (Difco, Sparks, MD) at 37°C
with shaking at 200 rpm. E. coli was transformed by electroporation with plasmids listed in Table S2 in
the supplemental material. Following transformation, E. coli was grown on LB agar plates containing
either 50 ug - ml~" kanamycin for SC101 plasmids and pLC291 size plasmids or 50 ug - ml~" carbenicillin
for pMB1. Plasmids were maintained in liquid culture with the appropriate antibiotic.

Construction of plasmids. To construct SC101 plasmids with increased plasmid copy numbers,
pSC101 was used as the starting plasmid. Based on the results of Peterson and Phillips (32), a 6-bp
change was made to construct plasmids pJPA12 and pJPA13 as in the aforementioned paper. Briefly,
using NEB Q5 site-directed mutagenesis, GAG ATT was changed to AAG ATC or CGG ATC, respectively
(New England BioLabs, Ipswich, MA).

To construct plasmids of various sizes, pLC291, 7,506 bp in length (Addgene 44448), was used as the
backbone. All constructs were made via PCR amplification using Q5 DNA polymerase followed by NEB
DNA assembly and 42°C heat shock transformation into chemically competent 5-alpha cells (New
England BioLabs, Ipswich, MA). A 3.5-kb plasmid was constructed from regions of pLC291 that contained
the origin of replication and antibiotic resistance from the deposited DNA sequences on Addgene of
pLC291; these included three regions: nucleotides (nt) 900 to 1850, 2750 to 5000, and 7200 to 7500. For
pLC-10 and pLC-15 (10 kb and 15 kb, respectively), we started with pLC291 and cloned in lambda DNA
from VWR (Radnor, PA) using primers listed in Table S1. Confirmation of plasmid size by restriction
digestion was performed on 50 ng of purified plasmids with restriction enzyme Notl at 37°C for 1 h and
run on a 1% agarose gel (New England BiolLabs, Ipswich, MA).

Plasmid pMB1 was constructed from pUC19 as the backbone sequence using Q5 polymerase and
DNA assembly (New England BioLabs, Ipswich, MA). A nonfunctional segment of lacZ-harboring DNA
from E. coli MG1655 was added to pUC19 to increase the plasmid size to 3.5 kb. All plasmids were
confirmed by sequencing.

Isolation and purification of EVs. EVs were isolated from liquid cultures of E. coli MG1655 as
previously described (51) with some modifications. Four hundred microliters of overnight culture was
used to inoculate 400 ml of LB broth containing selective antibiotic. 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 the remaining cells and cellular
debris. Vesicles were collected by ultracentrifugation at 50,000 X g (Ti 45 rotor; Beckman Instruments,
Inc., Fullerton, CA) at 4°C for 1.5 to 2 h followed by 150,000 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. EVs with and without DNase | treatment showed similar C;
values by qPCR (see Fig. S8). Vesicle preparations were also plated on LB agar to check for the presence
of bacterial cells.

EV protein concentration. Vesicle concentrations were quantified using SDS-polyacrylamide gel
electrophoresis. Vesicle preparations were treated with 6X 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,0, methanol, and acetic acid (50:40:10 [vol/vol/vol])
overnight. Protein concentrations were determined using ImageJ from a standard curve generated by a
bovine serum albumin (BSA) protein concentration gradient, as shown in Fig. S1.

EV size characterization using dynamic light scattering. DLS was used to characterize the sizes of
purified EVs. Purified EVs were analyzed using a DynaPro Titan (Wyatt Technology Corp., Santa Barbara, CA)
equipped with a 0- to 50-mW laser at 830 nm as a light source. The scattered photons were detected at 90°.

Real-time PCR. DNA concentrations in purified EVs were determined using real-time PCR on a DNA
Engine Opticon 2 system (Bio-Rad Laboratories, Hercules, CA) with SYBR green (Thermo Fisher Scientific Inc,,
Waltham, MA). Briefly, the reaction mixtures consisted of 2 ul of EVs, 0.2 uM primers, and 1 U of Phusion
high-fidelity DNA polymerase (New England BioLabs Inc., Ipswich, MA) in a final volume of 45 ul. EVs were
lysed by boiling at 100°C for 10 m. The program consisted of 35 cycles of denaturing at 98°C for 105,
annealing at 60°C for 20s, and extension at 72°C for 15 s. qPCR primers are listed in Table S1. A standard curve
was generated using defined concentrations of purified plasmid: 0.001 ng, 0.01 ng, 0.1 ng, and 1 ng.

EV-mediated gene transfer. Gene transfer experiments were modified from previously published
work (52, 53). The E. coli recipient strain was grown in 4 ml LB broth (Difco, Sparks, MD) at 37°C with
shaking at 200 rpm for ~1 to 2 h to early log phase at an optical density at 600 nm (ODg,) of 0.2. Then
at time zero, 0.01 mg purified vesicles was added. Every hour, 200 ul of culture was removed and plated
on LB agar plates containing either 50 ug - ml~" kanamycin or 50 ug- ml— carbenicillin, depending on
the plasmid resistance. After 16 h of incubation at 37°C, CFU were counted and scored. 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 by using PCR. Gain of resistance not
associated with plasmid transfer was not observed.

Statistical analysis. All two-tailed P values were obtained using unpaired t tests to compare the
means with standard deviations of two groups with an n of >3 (see Fig. S9 and S10).
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