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Extracellular vesicles secreted by Gram-negative bacteria have proven to be important

in bacterial defense, communication and host–pathogen relationships. They resemble

smaller versions of the bacterial mother cell, with similar contents of proteins, LPS,

DNA, and RNA. Vesicles can elicit a protective immune response in a range of hosts,

and as vaccine candidates, it is of interest to properly characterize their cargo. Genetic

sequencing data is already available for vesicles from several bacterial strains, but it is

not yet clear how the genetic makeup of vesicles differ from that of their parent cells, and

which properties may characterize enriched genetic material. The present study provides

evidence for DNA inside vesicles from Vibrio cholerae O395, and key characteristics of

their genetic and proteomic content are compared to that of whole cells. DNA analysis

reveals enrichment of fragments containing ToxR binding sites, as well as a positive

correlation between AT-content and enrichment. Some mRNAs were highly enriched

in the vesicle fraction, such as membrane protein genes ompV, ompK, and ompU,

DNA-binding protein genes hupA, hupB, ihfB, fis, and ssb, and a negative correlation

was found betweenmRNA enrichment and transcript length, suggesting mRNA inclusion

in vesicles may be a size-dependent process. Certain non-coding and functional RNAs

were found to be enriched, such as VrrA, GcvB, tmRNA, RNase P, CsrB2, and CsrB3.

Mass spectrometry revealed enrichment of outer membrane proteins, known virulence

factors, phage components, flagella and extracellular proteins in the vesicle fraction, and

a low, negative correlation was found between transcript-, and protein enrichment. This

result opposes the hypothesis that a significant degree of protein translation occurs

in vesicles after budding. The abundance of viral-, and flagellar proteins in the vesicle

fraction underlines the importance of purification during vesicle isolation.
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1. INTRODUCTION

Extracellular vesicles (EVs) are membrane-bound bodies
regularly secreted by Gram-negative bacteria (Listgarten and
Lai, 1979). At large, EVs consist of the same proteins, RNAs,
DNAs, metabolites and lipopolysaccharides as their originator
cell, but some reports indicate that specific proteins are enriched
(Haurat et al., 2011; McMahon et al., 2012). EVs display highly
diverse characteristics in shape (McCaig et al., 2013), single-,
or double membrane structure (Pérez-Cruz et al., 2013), and
typically vary in diameter by an order of magnitude (20–200 nm)
(Chatterjee and Chaudhuri, 2011). Several bacterial mechanisms
have been proven to be associated with the secretion of EVs,
such as biofilm formation, nutrient acquisition and secretion
of virulence determinants into host cells (Kulp and Kuehn,
2010). For example, EVs inhibit the adhesion of the pathogen
Xylella fastidiosa inside xylem vessels, enabling wider spread
throughout host plants (Ionescu et al., 2014), and they arm
Vibrio cholerae with a defense mechanism against bacteriophages
(Reyes-Robles et al., 2018). Interestingly, EVs can also transfer
membrane portions that contain phage receptor proteins,
and in this way propagate susceptibility to certain phages
(Ofir and Sorek, 2017). This raises the question whether some
phages could induce production of EVs for this very purpose.
Other findings indicate that certain plasmids may induce the
production of EVs, and thereby facilitate their own spread
(Erdmann et al., 2017).

EVs are known to contain mRNA and non-coding RNA
(ncRNA), and it has been demonstrated that they can deliver
their RNA cargo into eukaryotic cells (Dauros-Singorenko et al.,
2018).While some inclusion of RNA is expected when volumes of
the intracellular space is incorporated during vesicle formation,
the mechanisms behind DNA inclusion in EVs are still unclear.
When not undergoing chromosome replication, it is generally
assumed that bacteria contain a similar quantity of any part
of their chromosomes. The same is not necessarily true for
vesicles, which could be secreted in order to communicate
specific DNA sequences into the environment. While the genetic
transfer capability of certain EVs is established, it is of interest
to gain an overview of which DNAs and RNAs that are
specifically enriched, and understand how thesemight affect their
environment. The genetic content of EVs from several bacteria
have previously been sequenced (Biller et al., 2014; Sjöström
et al., 2015; Bitto et al., 2017), revealing that specific genome
regions and transcripts are significantly more abundant than
others. These data, however, were not quantitatively compared
to coverage discrepancies in sequence data from the parent
bacteria. It is not known whether the genetic content of vesicles
is actively transcribed or translated after secretion, calling for a
precise proteomic profile of the vesicles in question. Being that
EVs have a lower surface area to volume ratio, intuition states
that vesicles should contain a higher proportion of membrane-
associated proteins than their parent cell, but they may also
be enriched with non-membrane proteins of vesicle-specific
function. The proteomes of EVs from several bacteria have been
mapped previously, revealing that they include proteins from all
subcellular locations, while mainly membrane proteins, such as

those related to biofilm formation, virulence and antimicrobial
resistance, are enriched (Altindis et al., 2014; Lagos et al.,
2017).

Due to their compositional similarity to their parent and
non-replicative nature, EVs have been proposed as vaccines
against many pathogens (Acevedo et al., 2014), and is being
used commercially against e.g., Neisseria meningitidis (Holst
et al., 2009). As vaccine candidates, it is important to assess the
capacity of EVs for genetic transfer, since they may potentially
be administered in environments that frequently contain other
pathogens, such as hospitals, aquaculture facilities or livestock
farms. They are known to enable cross-species transfer of
virulence genes, including antibiotic resistance (Yaron et al.,
2000), which may call for some restrictions when it comes
to strains, antibiotic markers and growth conditions that are
fit for the production of EV-based vaccines. Furthermore, the
production of vesicles carrying specific DNAs or RNAs may
be of interest in therapeutic or microbiological applications,
underlining the importance of identifying motifs or other
attributes that may increase genetic enrichment. While some
basic research on vesicles requires purification steps such as
density gradient centrifugation, this may not be cost-efficient for
some industrial or pharmaceutical purposes, e.g., vaccines meant
for farmed fish. It is therefore of interest to analyse the complete
EV isolate, so that any non-EV material included in a potential
vaccine is not ignored.

The main aim of this work was to investigate the potential
preferential inclusion of genetic material in EVs, using V.
cholerae O395 mutant TCP2 (Mekalanos et al., 1983) as a model
organism. V. cholerae is naturally competent when grown on
chitin, an abundant material in its natural environment (Meibom
et al., 2005), indicating that it maintains a level of interspecies
genetic communication. Furthermore, V. cholerae continues to
be a detrimental pathogen, meaning that the results may carry
strain-specific medical relevance. The TCP2 mutant lacks a
complete CTXφ bacteriophage, including the genes encoding
both subunits of the cholera toxin that leads to the debilitating
diarrhea associated with cholera. CTXφ is a temperate phage,
and its genomic DNA may at times be present in wild-type
O395 strains in quantities sufficient to overshadow other DNA
fragments during sequencing. In addition, the two copies of
toxin co-regulated pilin precursor gene tcpA are deleted, which
could have given rise to excessive non-vesicular extracellular
matter. The TCP2 genome harbors a streptomycin resistance
gene, and the use of a selective medium minimizes the risk
of interference by foreign DNA from potential contamination.
The genome of V. cholerae is divided into chromosome 1 (ChI)
at approximately 3.0 Mbp, and chromosome 2 (ChII) at 1.1
Mbp, which may give further insight in specific packaging of
genetic material into the EVs (Sjöström et al., 2015). In general,
ChI harbors the larger portion of essential genes, while ChII
encodes a larger proportion of hypothetical proteins (Cameron
et al., 2008). ChII includes a ∼35 kbp K139 prophage (Reidl
and Mekalanos, 1995), as well as a superintegron containing
hundreds of seemingly species-specific gene cassettes (Rowe-
Magnus et al., 1999), which may also be differentially included
in EVs.
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2. METHODS AND MATERIALS

2.1. Cultures and Media
All cultures were grown using LB medium or LB agar at 37◦C
with 200 µg/mL streptomycin, and liquid cultures were grown
at 100 rpm shaking. Frozen stock of V. cholerae was plated and
grown overnight. Two 100mL starter cultures were inoculated
from plate colonies and grown overnight. Twenty-five milliliters
of starter culture was added to each of four or eight 2.5 L volumes
of medium, and grown overnight to late log phase, i.e., OD600 ≈

1 (Figure S1), when contamination from lysed cells is minimal
(Sjöström et al., 2015). The process was performed three times to
yield independent biological triplicates (n = 3).

2.2. EV Isolation
The EV isolation protocol is largely the same as described for
marine samples (Biller et al., 2014). A minimum of 10 L V.
cholerae culture was centrifuged (using Andreas Hettich Bottles:
0551, part no. 4AJ-7900519) at 4,000 × g for 30 min, transferred
to cleaned bottles and centrifuged at 4,000 × g for another
30 min. The bacterial pellets were kept at −20◦C until DNA,
RNA and protein isolation. The supernatant was filtered through
0.45 µm and then 0.2 µm filters (durapore cat no. HVLP14250
and qvwp14250), using a 142 mm filter holder (Millipore
Corporation 01730) and a peristaltic pump. The volume was then
concentrated to approximately 25 mL using a 100,000 NMWC
hollow cartridge filter (GE Healthcare 56-4101-72) at 15 psi inlet
pressure. Three hundred milliliters of PBS was added and this
dilution was again concentrated to approx 150mL. The volume
was split in 10 mL aliquots and kept at −20◦C (< 7 days)
to reduce RNA degradation while performing replicates. The
whole volume was filtered through a 0.45 µm filter and then
ultracentrifuged at 100,000 × g for 2 h (SW 32 Ti rotor). The
supernatant was discarded and another volume of filtrate was
added before another centrifugation (100,000 × g, 2 h). The
supernatant was discarded and the tubes were filled with PBS and
centrifuged again (100,000× g, 2 h). Each pellet was resuspended
in approximately 1.5mL PBS and kept at −20◦C (< 7 days)
to reduce RNA degradation until RNA isolation. This isolate is
henceforth referred to as the extracellular vesicle fraction (EVf),
and each of all three EVf replicates was used for DNA, RNA,
and protein analysis, in order to minimize the effect of biological
variations between the techniques. The protein content of the
isolates was measured to be approximately 11.8mg/mL. The
samples were inspected by negative-stain electron microscopy
to assess vesicle integrity and presence of contaminations. A ∼

100 µl portion of the bacterial pellet was resuspended in 5ml
PBS. This isolate is henceforth referred to as the whole cell
fraction (WC).

2.3. DNA and RNA Preparation
Before DNA was isolated, the vesicle isolate was split in 100 µL
aliquots, 4U DNase was added to each aliquot and incubated
at 37◦C for 30 min. Another 4U was added and the incubation
repeated, before the DNase was inactivated at 75◦C for 15 min.
RNase was not deemed fitting before RNA isolation, due to the
fact that RNases are not as easily inactivated as DNases, and

excessive heat or chemical treatment could reduce the integrity
of the vesicles or their RNA cargo before isolation. Furthermore,
some secondary structures may provide certain RNAs with
protection from RNAses, making the definite localization of these
difficult (Blenkiron et al., 2016).

2.3.1. DNA Isolation
All DNA quantification was performed using QubitTM dsDNA
HS assay kit (Thermo Fisher). For EVf-DNA isolation, 200 µL
aliquots were treated with the Qiagen EZNA mini kit type
1, according to manufacturer’s protocol, with the exception of
adding four volumes of supernatant lysate to the same HiBind R©

DNA Mini Column, and eluted in 30 µL kit-provided nuclease-
free water. This kit preferentially isolates fragments under 45–50
kbp in length, with an effective cutoff at 150 kbp (Qiagen, 2012).
Therefore, this kit was also used to isolate DNA from WC, to
ensure similar conditions for both samples, and to avoid coverage
lost to genomic DNA (gDNA). Similarly, 200 µL aliquots of WC
were used for DNA isolation, as described for EVf-DNA above.
The DNA isolation yielded 60–70 ng/µL for WC-DNA samples,
and approximately 0.4–0.6 ng/µL for the EVf-DNA samples. This
corresponds to approximately 1.75 ng DNA isolated per mg
of protein in the EVf, and 3 ng EVf-DNA per liter bacterial
culture. The samples were cleaned with Agencourt R© AMPure R©

XP according to manufacturer’s protocol. gDNA for genome
assembly was isolated from the bacterial pellet with QIAGEN
Genomic-tip 100/G according to manufacturers protocol.

2.3.2. RNA Isolation
All RNA quantification was performed using QubitTM RNA HS
assay kit (Thermo Fisher). RNA was isolated from EVf with
Allprep R© DNA/RNA Mini Kit (Qiagen cat. 80204) treating 200
µL aliquots as starting material, and adding 500 µL RLT buffer.
Four to six of these volumes were passed through a single DNA
column, and the flowthrough from 2 to 3 of these columns were
treated according to protocol, and passed through a single RNA
column. RNA was eluted in 30 µL RNase-free water, resulting in
approximately 7 ng/µL. This corresponds to approximately 23 ng
RNA per mg of protein in the EVf, or 40 ng EVf-RNA per liter
bacterial culture. RNA fromWCwas isolated in the samemanner,
and yielded approximately 70 ng/µL. The EVf-RNA samples and
1 µg of the each of the WC-RNA samples were prepared with
Truseq mRNA stranded kit (Illiumina), quality controlled with
NGS kit (Agilent) on Fragment Analyser (ATII), and amplified
with KAPA Library Quantification Kit (Roche), all according to
manufactures protocol.

2.4. Sequencing and Analysis
DNA and RNA samples were sent to Norwegian Sequencing
Centre to be sequenced on Illumina HiSeq 4000, 2x150 paired-
end run with 350 bp insert size.

2.4.1. Reference Genome Assembly
The 5.1 M gDNA reads were assembled de novo using SPAdes
(v3.10.1). They were also aligned to an O395 reference genome
(GenBank: GCA_000016245.1) with the burrows-wheeler aligner
(BWA, v0.7.8)(Li and Durbin, 2010), resulting in 99.68% of the
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reads being successfully mapped. The alignment was inspected in
Geneious (v10.1.3)1 to identify regions with no coverage. Four
regions of zero coverage were identified, and replaced with the
corresponding sequence data from the SPAdes assembly. After
correction, the number of aligned reads increased with 2.6 k reads
to 99.73%, with no gaps in coverage. The modified genome was
annotated using RAST (Job# 492506) (Aziz et al., 2008). Putative
phage genes were predicted using PHAST (Zhou et al., 2011).

2.4.2. Coverage Analysis
The raw EVf-DNA and WC-DNA reads were trimmed using
trim-galore (v0.3.3), aligned to the O395 TCP2 genome using
BWA, and replicates removed using picard-tools (v2.10.4)2.
Cuffdiff (through cufflinks v2.2.1) was used for enrichment
analysis for DNA and RNA, analogously to an RNA differential
expression analysis. Cuffdiff uses a genome annotation file for
expression analysis, and since intergenic regions could be of
interest, placeholder annotation files were created, assigning an
identifier to every kbp of the genome. Ten such files were created
with 100 bp offsets, with starting bp = 0, 100, 200..., in order to
construct a sliding window enrichment table after enrichment
analysis. The GC-content of each sliding window was calculated
using bedtools (v2.17.0). The process was identical for RNA data,
with the exception that duplicate reads were not removed, and
the RAST-annotated genome was used for expression analysis.
The enrichment of very abundant ncRNAs was also calculated
using per-base coverage provided by bamtools (v2.4.0) (Barnett
et al., 2011), normalizing ncRNA coverage by the average RNA
read coverage over the full genome for each sample.

2.5. Protein Analysis
Protein was quantified using PierceTM BCA Protein Assay
Kit (Thermo ScientificTM 23225) according to manufacturer’s
protocol. In-solution digestion and liquid chromatography mass
spectrometry (MS) was performed on EV and WC samples as
previously described (Aqrawi et al., 2017), with the exception
that database searches were performed on a protein database
with 3920 entries constructed from the RAST-annotated V.
cholerae TCP2 genome using transeq through EMBOSS (Rice
et al., 2000) (v6.5.7). Data were analyzed using Scaffold (v4.8.4,
Proteome Software Inc., Portland, OR). Peptide identifications
were accepted if they could be established at greater than 95.0%
probability by the Scaffold Local FDR algorithm, while protein
identifications were accepted if they could be established at
greater than 99% probability and contained at least 2 identified
peptides. Using Scaffold, a T-test and multiple test correction
with Benjamini–Hochberg was done using WC as fold change
reference category. The subcellular location of each gene was
found using PSORTb version 3.0.2 (Yu et al., 2010).

2.6. Electron Microscopy
Freshly formvar-coated 200 mesh grids were used for both
negative stain- and immunogold electron microscopy, and all

1Geneious: Suite of Molecular Biology and NGS Analysis Tools. Available online at:
https://www.geneious.com/
2Picard Tools: Command Line Tools for Manipulating High-Throughput Sequencing

(HTS) Data. Available online at: http://broadinstitute.github.io/picard

micrographs were captured with a JEOL 1400 plus microscope at
100 keV. For negative stain images, grids were placed on droplets
of EVf for 1 min, washed 3 times on PBS for 1 min, and fixed
on 4% paraformaldehyde (PFA) in PBS for 2 min. Finally, the
grids were washed 10 times on H2O for 1 min, and stained
on 4% uranyl acetate (UA) for 2 min. Excess UA was dried off
using a filter paper, and the grids were left to dry for 10 min
before imaging.

2.6.1. Immuno-Gold Labeling
10 µL of EVf-sample was diluted in 12% gelatine at 37◦C to a
total volume of 200 µL. Thirty microliters droplets of the solution
were placed on parafilm in room temperature to solidify for
10 min. The solid droplets were fixed in 4% PFA/PBS at 4◦C
overnight, then submerged in sucrose and cut into ∼0.5 mm
cubes, which were placed on silver rods and flash-freezed in
liquid nitrogen. The samples were sectioned in a cryomicrotome
at −120◦C to a thickness of approximately 45 nm, and picked
up using a loop dipped in 2% methyl cellulose (MC) at 4◦C and
transferred onto the grids. The grids were suspended on a droplet
of PBS on ice for 3 min, and placed on a droplet of 1:1 Antibody
(MAB030 anti-dsDNA clone BV16-13 from Sigma-Aldrich)/1%
fish skin gelatine (FSG) for 50 min. The grids were then washed
5 times on PBS for 3 min, before being transferred to a droplet of
1%FSG/proteinA-gold for 20 min. The grids were washed 3 times
on PBS for 3 min, followed by 10 times on H2O for 1min. Finally,
the grids were stained on 4% UA for 2 min, after which the grids
were picked up with a loop, excess liquid removed and left to dry
for 10 min before imaging.

3. RESULTS AND DISCUSSION

3.1. Electron Micrographs Reveal DNA
Associated With EVs From V. cholerae
Micrographs reveal that the extracellular fraction of V. cholerae
contains both double- and single membrane vesicle structures
(Figure 1A). Some of the visible filamentous structures are
likely viral-, flagellar-, or pilin constructs, similar to previous
observations (Kondo et al., 1993), but certain endogenous phages
of Vibrio species can be difficult to distinguish from vesicles
(Lorenz et al., 2016), making precise EM characterization of
EV samples challenging. No complete tailed phage structures
were visually confirmed in our samples. The ultrathin-
section micrographs labeled with dsDNA antibodies reveal the
presence of DNA within the outline of membrane vesicles
(Figures 1B1–B3). The background labeling is insignificant,
confirming that DNA in the EVf is largely confined within
vesicular bodies or embedded in their membranes, although
some DNA may still reside within phage particles too small
to effectively access during thin-sectioning. This observation
is similar to previous localization of DNA in vesicles from
Streptococcus mutans (Zheng et al., 2009) and Pseudomonas
aeruginosa (Bitto et al., 2017). The nature of double-membrane
vesicle budding allows transport of cytoplasmic matter, including
chromosomal DNA. However, regarding the secretion of
single-membrane vesicles, intuition states that their interior
should originate from the periplasmic space, and therefore not
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FIGURE 1 | (A) Negative stain electron micrograph of the vesicular fraction of

V. cholerae, with white and black arrows indicating examples of single-, and

double membrane vesicles, respectively. Some filamentous structures are also

visible. (B1–B3) Ultrathin-section electron micrographs of the vesicular fraction

of V. cholerae labeled with anti-dsDNA antibodies and gold nanoparticles,

indicated by black arrows. Black bars are 200 nm long.

contain considerable quantities of DNA of chromosomal origin.
Some unknown mechanism(s) may therefore transport DNA-
fragments out into the periplasmic space before budding, or
freely diffusing DNA may be absorbed into the periplasm from
the extracellular space, before or after budding (Renelli et al.,
2004; Mashburn-Warren et al., 2008; Seitz et al., 2014). A so far
unreported explanation could be that the outer membrane may
be shed during or after budding, due to perforations in the outer
membrane, post-budding stress, or some other uncharacterized
mechanism. A process reminiscent of this has been reported
in the Gram-positive Bacillus subtilis, where vesicles form in
prophage-induced holes in the peptidoglycan wall (Toyofuku
et al., 2017).

3.2. EV-Associated DNA Is
Characteristically Different From Whole
Cell DNA
Sequencing of WC-DNA yielded 3.7–19.6M reads per sample,
of which 97.0–99.3% were successfully mapped to the genome.
Sequencing of EVf-DNA yielded 3.7–34.6M reads per sample, of
which 97.2–98.6% were successfully mapped to the genome. The
mapped read coverage reveals certain regions of the genome that
are more abundant across all replicates, some characteristic to
either EVf- or WC-samples (Figures S2A,B).

3.2.1. Phage DNA
The highest peak in coverage in EVf-DNA spans the
K139 prophage, and in WC-DNA spans the superintegron
(Figure S2B). The ratio between sequencing coverage of ChII
and ChI in WC did not differ significantly when including
or excluding the K139 prophage (Figure S2C), while the
difference was considerable for EVf (Figure S2D). This stands
testament to the abundance of the K139 prophage DNA
in EVf, and suggests that the prophage DNA escapes the

bacteria into extracellular DNase-protected states shortly after
synthesis. Cuffdiff determined several significantly enriched
kbp partitions of the genome (Figure 2). The K139 prophage
was the most enriched DNA in EVf (Figure 2L) (some kbp
partitions up to 2,300×, and on average 246×), and insert size
estimation in Geneious revealed a high number of reads mapped
approximately -34.5 kbp apart in ChII, suggesting that the phage
is undergoing a significant amount of rolling-circle amplification.
Within the ∼700–800 kbp region of ChI, PHAST detected two
inverted copies of a Mu-like prophage. Between these prophages,
a ∼43,200 bp region encodes a series of genes associated with
metabolism and regulation, such as hns (Ramisetty et al., 2017),
hisD (Chiariotti et al., 1986), cspD (Yamanaka et al., 2001), and
atoS (Theodorou et al., 2012). Mu is a dsDNA bacteriophage
(Bukhari and Ambrosio, 1978), but its lack of DNA enrichment
suggests that it is not a replicating phage under the present
growth conditions. Some other partial prophages were detected
by PHAST; a triple repeat of phage replication protein Cri
(Figures 2C,E), as well as remnants of the partially deleted
CTXφ phage (Figures 2D,I) were highly enriched in EVf, while
not nearly as dramatic as the K139 phage genome. Although
K139 DNA is enriched in EVf, the phage structures may not be
abundant in electron micrographs, as the DNA density of the
capsid is ∼425 Mbp/µm3 (assuming a roughly spherical capsid
54 nm across and 35 kbp genome; Reidl and Mekalanos, 1995),
while the average DNA density the of V. cholerae interior is ∼22
Mbp/µm3 (assuming a cylindrical cell shape with hemispherical
ends, 1.6 µm long and 0.4 µm in diameter, harboring a 4.1 Mbp
genome; Baker et al., 1983). Additionally, since many vesicles
may not contain DNA, only a few complete capsids could
potentially amount to the same DNA quantity as hundreds
of vesicles.

3.2.2. ToxR Binding Motifs
There are a number of non-prophage regions that are highly
enriched in EVf. The most enriched of these sequences
harbor known binding sites for ToxR (Figures 2A–D,F,G,I), a
transcriptional regulator located in the cytoplasmic membrane.
Interestingly, an association between EVs and proteins regulated
by ToxR has been reported previously (Altindis et al.,
2014). ToxR is known to regulate e.g., transcription of
ompU, ompT, and acfA by binding to an upstream binding
motif (AAAAAANATNAAA) (Kazi et al., 2016), and the
upstream regions of these three genes were all highly enriched
(Figure 2A,B,F). Additionally, the most enriched DNA region
of ChI (Figure 2G) contains this motif, upstream of a
putative membrane protein. This protein, a homolog of
lysoplasmalogenase YhhN (Jurkowitz et al., 2015), could
potentially also be under the regulation of ToxR. All the sites
in the genome matching this motif were identified (Figure S3A),
and we observe the consensus motif for the most enriched (>4×)
regions, AAAAAAMATMAAA (M signifying an amine; A or C)
(Cornish-Bowden, 1985). DNA mapped to this refined binding
motif was significantly enriched (∼ 5.6×) in EVf (Figure S3B),
while the most enriched (∼ 10.6×) unambiguous motif was
AAAAAAAATAAAA. ToxR also regulates ctxAB by binding to
a “toxbox” region (TTTTGAT tandemly repeated 3–8 times)
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FIGURE 2 | Log2 enrichment of kbp partitions of the V. cholerae genome according to cuffdiff, red denoting statistically significant enrichment. Red bars at the top are

regions in which PHAST recognized phage genes, black arrowheads indicate a ToxR binding motif of the form AAAAAAMATMAAA, and green arrowheads indicate a

toxbox region (TTTTGAT heptad repeat). Dotted lines are replication origo of the chromosomes. The bottom panels (A–L) display regions of interest, in which yellow

tracks denote characterized genes, gray hypothetical, and red phage components.

(Miller et al., 1987), and while both copies of ctxAB is deleted
from the TCP2 genome, their toxbox regions are intact and
significantly enriched, directly downstream of the gene encoding
Zona occludens toxin (zot) (Figures 2D,I). Aside from zot, RTX
cytotoxin proteins were enriched (Figure 2D), which is similar to
a previous report demonstrating that DNA encoding cytotoxin
ExoS was abundant in EVs from P. aeruginosa (Bitto et al., 2017).
The enrichment in EVf of sequences containing ToxR binding
motifs may have its explanation in that ToxR is membrane-
associated, and its binding can thus provide a direct connection
to the cytoplasmic membrane, which in turn may be enriched in
the vesicles. Additionally, ToxR binding could protect the motif
itself from DNases, which may also contribute to enrichment
(Goss et al., 2013).

3.2.3. Restriction Sites
One of the few highly enriched regions that do not contain
the ToxR binding motif, harbors a 12× repeat of the motif
5′-TCTAGAATCC-3′ (Figure 2H). This sequence provides a
number of restriction sites for restriction enzymes XbaI and
TfiI, between a putative DNA-binding protein and DNA-binding
protein Fis. Restriction sites could potentially increase the
probability of DNA inclusion in vesicles, as loose ends and
smaller DNA fragments may be more likely to enter protrusions
in the bacterial membrane during vesiculation.

3.2.4. Superintegron
Although a less prominent phenomenon, some regions
of DNA were significantly depleted in EVf. Most notably,
relatively lengthy parts of the superintegron structure in ChII
(Figures 2J,K). This region is high in coverage in WC-samples,
which stands in contrast to previous V. cholerae sequence data
from fecal samples (Sealfon et al., 2012). This could be explained
by the fact that in the present study a different DNA isolation kit
was used, tailored for shorter fragments. The discrepancy may
be due to the mobile nature of transposons (Marin and Vicente,
2013), as excised fragments may be enriched in the WC sample
with our kit.

3.2.5. GC-Content
The enrichment of kbp genome partitions and their GC-content
was found to correlate negatively, both for the K139 phage DNA
(p = 2.1 · 10−14) and the rest of the genome (p = 1.5 · 10−99)
(Figure 3). There are several factors that may be contributing
to this phenomenon; firstly, AT-rich regions of the genome are
more accessible (Gomes andWang, 2016), and a higher density of
protein binding to these regions could increase their association
with the bacterial membranes, or provide protection against
DNases. Protein binding sites are preferentially located between
protein coding regions (Ishihama, 2010), and the intergenic GC
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FIGURE 3 | Log2 DNA enrichment of kbp partitions of the V. cholerae genome

and GC-content. Blue color denotes windows within the K139 prophage,

while orange denotes windows of the rest of the genome, respectively.

content of the TCP2 genome is only 41.4% while it is 48.5% for
protein-coding regions, according to the RAST-annotation.

3.3. EV-Associated RNA Is
Characteristically Different From the Whole
Cell Transcriptome
The EVf-RNA sequencing resulted in 23.6M–78.2M reads per
sample, whereof 99.5–99.9% were mapped to the genome. WC-
RNA sequencing resulted in 23.7–96.3M reads per sample, of
which 96.8–99.6% were mapped to the genome. The mapped
read coverage reveals that similar to the DNA data, certain
regions display higher coverage across all replicates, some being
characteristic to either EVf- of WC-samples (Figures 4A,B).
According to cuffdiff, a total of 214 annotated transcripts were
significantly enriched in the EVf, distributed irregularly across
both chromosomes (Figure 5).

3.3.1. Ribosomal RNA
A large portion of sequencing reads stem from ribosomal
RNA, and since they are all encoded in ChI, transcriptional
products from ChII are very scarce in comparison. Counting
only read coverage mapped to protein coding sequences (CDS),
the difference is not that pronounced, but EVf maintains a
significantly lower coverage in ChII than in ChI (Figures 4C,D).
Results from previous RNA sequencing of V. cholerae reveal that
genes on ChI are more frequently transcribed than those on
ChII during growth in rich media, although the difference is less
pronounced when grown in rabbit intestine (Xu et al., 2003).
This upregulation of certain genes on ChII in intestine led to
the suggestion that ChII-genes may be more important during

infection, e.g., in response to nutritional stresses. The difference
in ChII/ChI coverage ratio when counting total RNA or only
CDS is smallest in EVf, implying that rRNA is depleted in the
extracellular fraction.

3.3.2. Functional-, and Non-coding RNA
A series of conserved functional and non-coding RNAs are
visible as peaks in mapped read coverage, most notably RNase
P type A, tmRNA and CsrB1 in ChI, and CsrB3 in ChII
(Figures 4A,B). CsrB3 is the most abundant form of RNA from
in ChII, and in this study amounts to ∼70% of RNA mapped to
this chromosome for both EVf and WC. The most consistently
enriched of these are tmRNA and RNase P (Figure S4). The
protein component of RNAse P has been found to be anchored
to the inner membrane in Escherichia coli, which could partly
explain its abundance in EVf (Miczak et al., 1991). The abundance
of tmRNA has been observed in the extracellular milieu of E.
coli previously (Ghosal et al., 2015), and this enrichment could
partly be due to its binding to elongation factor Tu, commonly
found in vesicle preparations (Blenkiron et al., 2016). sRNAs
CsrB1, CsrB2, CsrB3 (Nguyen et al., 2018) and GcvB are also
significantly enriched (Figure S4). CsrB sRNAs have been found
to take part in virulence and biofilm formation, and to be
regulated by quorum sensing (Lenz et al., 2005). In E. coli CsrB
RNAs is known to antagonistically regulate the action of carbon
storage regulator CsrA (Liu et al., 1997). CsrA binds to the 5’
untranslated regions (UTRs) of mRNA, recognizing GGA motifs
in apical loops of RNA secondary structures. Thesemotifs are also
present onCsrB sRNAs, effectively sequestering the CsrA protein,
allowing translation of the formerly inhibited mRNAs (Dubey
et al., 2005; Duss et al., 2014). Interestingly, CsrA was only
detected in WC, suggesting that other factors may be responsible
for the enrichment of CsrB sRNAs in EVf. GcvB is known to
regulate several genes in E. coli, e.g., RNA polymerase sigma S
(RpoS), which enables the bacteria to survive under lower pH
(Jin et al., 2009). This sRNA is dependent on binding to Hfq
for its regulatory effect (Pulvermacher et al., 2009), and this may
contribute to its enrichment, as Hfq preferentially associates with
the bacterial membrane (Diestra et al., 2009).

3.3.3. Phage mRNAs
While enrichment in EVf-DNA was characterized by enrichment
of CTXφ and K139 phage genes (Figures 2C,L), the invertedMu-
like prophages in ChI are more pronounced in RNA enrichment
(Figure 5D). Mu-like phage DNA was not particularly enriched,
but several of its transcripts are, including tail sheath and capsid
genes. Similarly, mRNA for many structural proteins of phage
K139 were significantly enriched (Figures 5L,M). Enrichment
of phage RNA associated with host-relationship modulation
has previously been observed in EVs from Salmonella enterica
(Malabirade et al., 2018).

3.3.4. Bacterial mRNAs
Cuffdiff found that a probable iron binding protein mRNA and
ompU were enriched (Figure 5A), the latter of which was also
associated with a coverage peak in DNA. Other highly enriched
genes from ChI were rmf (Terui et al., 2010), acpP (Kutchma
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FIGURE 4 | RNA sequencing coverage over ChI (A) and ChII (B) of V. cholerae from EVf (red) and WC (blue) from three biological replicates (Log scale). A selection of

ncRNAs are named, while asterisks denote ribosomal RNA. Made using circleator (v1.0.0) (Crabtree et al., 2014). (C,D) Average RNA coverage ratio ChII/ChI in WC

and EVf, for total RNA, or protein coding sequences (CDS) only.

FIGURE 5 | Log2 Enrichment of annotated RNAs in EVf, according to cuffdiff, red denoting statistically significant enrichment. Red bars are the regions in which

PHAST recognized phage genes. The bottom row (A–N) displays regions of interest, in which yellow tracks signify characterized genes, gray hypothetical, red phage

components, and green ncRNA.
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et al., 1999), atpD, atpC (Dunn et al., 2000), and hupA (Martínez
et al., 2015) (Figures 5G–K). Interestingly, the other subunit
of DNA-binding protein HU, hupB (Martínez et al., 2015) was
enriched as well (Table S1). The HU dimer is in E. coli known
to bind with high affinity to the mRNA encoding RpoS, and the
ncRNA DsrA (Balandina et al., 2001), which in turn regulates
transcription by overcoming the silencing effect of DNA-binding
protein H-NS on the expression of RpoS. HU has also been found
to regulate virulence of Vibrio parahaemolyticus (Phan et al.,
2015). ChII harbors a number of enriched genes, e.g., an Outer
membrane protein mRNA (Figure 5K), and cspE (Figure 5N).
Cold-shock protein E (CspE) is regularly expressed at 37◦C,
and was originally identified as a multicopy suppressor of a
temperature-sensitive chromosome partition mutant (Yamanaka
et al., 1994).

The etiology of mRNA enrichment in vesicles is not yet
fully understood, but there are presumably three important
mechanisms that are most important for this phenomenon; half-
life, location, and size. Firstly, mRNA synthesis is likely low
in EVs compared to living bacteria, meaning that mRNA with
longer half-lives will be enriched in vesicles over time. It has
been reported that mRNAs in thermophile prokaryotes are biased
toward purine tracts, indicating that it provides thermostability
(Paz et al., 2004), and in this study, a positive correlation
was indeed found between purine content and enrichment
of mRNAs in EVf (Figure 6A). Although the samples have
been subjected to the lowest possible thermal stress during
isolation, it could still be that some level of purine-dependent
degradation has occurred in the duration of filtration and
isolation. It has been observed that the uracil content of
membrane mRNAs is higher in prokaryotes than in eukaryotes
(Prilusky and Bibi, 2009), a pattern that coincides with the
differing mRNA turnover requirements of the two branches of
life. To check whether the purine–enrichment correlation in our
cultures could be caused by more complex underlying sequence
dependencies, the pearson correlation coefficient was calculated
between occurrences of all possible RNA nonuplets and mRNA
enrichment. Some of these yielded very low p-values (Figure S5),
especially for specific purine tracts, such as NNNAAGNNN,
NNNNGAAGA, and NNAAGAAGA. This indicates some level

of sequence dependency of the mRNA enrichment, which in
turn could be due to increased stability, or perhaps affinity to
localizing-, or protecting, biomolecules. Curiously, the sextuplet
that correlates most significantly with mRNA enrichment is
AGAAGA, the in-vivo binding motif for the human mRNA
splicing protein TRA2B (Änkö and Neugebauer, 2012), which
shares significant RNA-binding domain similarity with an
uncharacterized RNA-binding protein in V. cholerae (NCBI
Reference Sequence: WP_001884322.1, 2018). In addition, this
protein is likely a cytoplasmic membrane protein, according
to PSORTb.

The second mechanism that could give rise to mRNA
enrichment in EVf is indeed the location, affected by potential
affinity to membranes or membrane proteins, such as the
signal recognition particle (SRP), which is associated with the
membrane through the SRP receptor (Akopian et al., 2013).
Through SRP, mRNAs could be co-localized with their protein
products during translation, which in turn could place them close
to the cytoplasmic membrane. While this may be true for certain
mRNAs, no significant enrichment was found for genes destined
for any location in this study (Figure S6). However, mRNAs have
been found to localize to the membrane in E. coli independent
of translation (Nevo-Dinur et al., 2011), meaning some motifs
or secondary structures may increase an mRNAs affinity toward
the membrane regardless of their protein product. Even though a
number of RNA motifs correlate positively with enrichment in
this study (Figure S5), the folding nature of RNA makes their
protein interactions more complex than what may be deduced
from the primary structure alone.

A third mechanism likely to affect enrichment is size, as a
portion of the vesicles are smaller than many mRNA sequences.
While vesicles can be as small as 20 nm, typical RNAs can vary
in size from ∼7 to 33 nm for 0.7–8.9kbp sequences, respectively
(Borodavka et al., 2016). In accordance with this restriction, the
correlation between mRNA length and enrichment in EVf was
negative and statistically significant (Figure 6B). This result is
similar to findings on the size-dependent inclusion of plasmids
in EVs (Tran and Boedicker, 2019), and suggests that vesicles
maintain a significant size exclusion bias for genetic cargo. This
correlation holds for annotated gene length, and is independent

FIGURE 6 | (A) Fold-change enrichment of mRNAs in EVf, plotted against purine content. (B) mRNA enrichment according to transcript length.
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of the lengths of the actual isolated RNA fragments, information
that is lost in the sequencing protocol.

3.4. The EV Proteome Is Enriched in
Periplasmic-, Membrane-, and
Extracellular Proteins
The results from genetic sequencing prompted us to map the
proteomic profile of EVs in order to asses a possible correlation
between enrichment of genes and protein products. By LC-
MS, a total of 1312 proteins were detected, 670 of which in
common while 222 and 420 were exclusively detected in the EVf
or WC, respectively.

3.4.1. Subcellular Location
Proteins associated with the extracellular milieu, outer
membrane and periplasm are significantly enriched in EVf
compared to cytoplasmic proteins (Figure 8). The variation
within each category is considerable, which indicates that the
composition of proteins in each category is different from WC
to EVf. For instance, one could expect all the outer membrane
proteins to be enriched along with the membrane itself, but their
variation from a high degree of enrichment to a high degree of
depletion suggests that the mechanisms of protein enrichment
are more complex than random budding of the membranes. The

specific enrichment or depletion of certain membrane proteins
has been observed before (Lee et al., 2008; Aguilera et al., 2014),
supporting the hypothesis that vesicles are not simply random
membrane blebs, but at least somewhat specifically constructed.

3.4.2. mRNA–Protein Correlation
580 genes were detected both as mRNA and their protein
products in both WC and EVf. Only genes destined for the
periplasm demonstrated a statistically significant mRNA–protein
enrichment correlation, that being negative (Figure 7). These
results suggest that post-budding translation of vesicle-associated
mRNA is low. This does not, however, refute the possibility that
mRNA cargo could be translated in a potential target cell for the
EVs. Worth to mention in this context is that no genes were
found as both protein and mRNA in one fraction uniquely, with
the sole exception of Soluble cytochrome b562, a protein that was
found in only one of three EVf replicates.

3.4.3. RNA-Binding Protein
An interesting EVf-enriched protein in the context of RNA
enrichment is themethionine ABC transporter substrate-binding
protein (Table S2B). This membrane protein, also called ProQ,
has been shown in S. enterica and E. coli to bind to sRNA
and mRNA, increasing their stability (Smirnov et al., 2016).

FIGURE 7 | Genes detected as both mRNA and their protein products in both EVf and WC, sorted by their predicted subcellular location. Periplasmic proteins yielded

the only statistically significant regression analysis, showing a negative correlation between mRNA and protein enrichment.
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This protein is enriched >8× in EVf, which is well-beyond the
standard deviation of the general enrichment of cytoplasmic
membrane proteins (Figure 8). The presence of this protein
could in part responsible for the enrichment of certain sRNAs
or mRNAs; for instance, it is known to bind to and stabilize
cspE mRNA (Holmqvist et al., 2018), which was enriched >16×
in EVf. This protein could act as a link between certain RNAs
and the membrane, and depending on its RNA-binding affinities,
be decisive for the composition of the RNA cargo of vesicles.
Several CsrB sRNAs are abundant in EVf, and while these are
known to bind to CsrA protein, no CsrA protein was found in
the EVf. This is surprising, as one could expect that biomolecules
with demonstrated affinity to each other would be co-localized. A
possible explanation could be that these RNAs also bind to ProQ
(Holmqvist et al., 2018), contributing to their enrichment.

3.4.4. Flagella and Phage Proteins
A number of flagellar and extracellular proteins were the most
abundant in the extracellular fraction compared to whole cells. Of
the 48 known flagella-associated proteins in the O395 proteome,
a total of 39 were detected in the samples. 9 were found only
in the bacterial fraction, including regulators such as FleN and
FleQ, motor switch proteins such as FliG and FliM, and synthesis
proteins such as FliS and FlgN. 17 flagellar proteins were uniquely
detected in the EVf, mostly structural components such as FliD,
FlaG, FlaF, FlgL, FlgK, FlgG, FlgC, FlgB, FlgF, but also the
biosynthesis protein FlhF, L- and M-ring proteins FlgH and FliF,
and the hook-length control protein FliK (Kim and McCarter,
2000). 13 proteins encoded by the K139 prophage were detected
by LC-MS; 10 unique to EVf, 1 unique to WC, and 2 detected
in both samples; tail fiber and major capsid protein, enriched
5.7× and 27×, respectively. This not nearly as dramatic as the
enrichment of the prophage DNA, which according to cuffdiff
was 249× on average. This indicates enrichment of phage DNA
in other DNase-protected states than within phage particles, such

FIGURE 8 | Violin plot of log2 enrichment of proteins in EVf relative to WC and

their cellular location.

inside- or embedded in the membrane of EVs, or possibly in
other phage capsid structures. Structural components of both
the Mu-like phage in ChI and K139 in ChII were enriched in
the EVf, while no complete phage structures were visible in the
micrographs, as has been observed before (Reidl and Mekalanos,
1995). This could imply that the K139 tail structures may be
utilized by V. cholerae as a tailocin (Ghequire and De Mot,
2015), but this hypothesis needs testing. The high presence
of flagellar and phage components in EVf sheds light on the
importance of purification when working with EVs. This may be
especially important in their application of vaccine candidates,
when certain epitopes are of interest, and protein quantification
may be used as a dose measurement. Since phages are co-isolated
due to their similar sizes, they can pose a significant problem
when working on vesicles specifically. One solution to this is
density gradient centrifugation, but as this process may take 16 h
(Olaya-Abril et al., 2014), mRNA stability is a concern.

3.4.5. Virulence Factors
Beyond flagellar-, and phage constituents, there were many
proteins highly enriched and depleted in EVf (Table S2).
Expectedly, among the most enriched were proteins associated
with membranes or the periplasmic space. Furthermore, many
of the abundant proteins uniquely detected in EVf (Table S2A)
are associated with virulence, e.g., OmpK (Ningqiu et al.,
2008), TraF-related protein (also called type IX secretion protein
SprF/PorP) (Laanto et al., 2014), colonization factor AcfA
(Hughes et al., 1995), and OmpT (Provenzano and Klose, 2000).
Similarly, among the most enriched proteins detected in both
samples are virulence factors such as TonB (Abdollahi et al.,
2018), OmpU (Provenzano et al., 2001), OmpV (Liu et al.,
2017), haemagglutinin biogenesis protein MshL (Hsiao et al.,
2006), hemolysin Vcp, and outer membrane protein LapE of
the TolC family (Smith et al., 2018). A surprising observation
is the enrichments of OmpK, OmpU and OmpV, which mirror
the high enrichment of their mRNAs, and may point to a
degree of co-translational localization. Many of these virulence
factors (e.g., AcfA, OmpU, MshL, TolC) have been observed
in the proteome of EVs from V. cholerae previously (Altindis
et al., 2014) and stands testament to the potential of EVs to
modulate host–pathogen relationships. For instance, vesicles
with hemolytic proteins could be used as a remote agent
to damage host cells, increasing the nutritional value of the
bacterial environment.

3.4.6. Iron Transport Proteins
There are several proteins associated with iron uptake that are
enriched significantly in EVf. For instance, a ferrichrome-iron
receptor was only found in EVf, while heme-, and sidophore
receptors HutA (Henderson and Payne, 1994) and IrgA (Wyckoff
et al., 2015) were highly enriched (Table S2). These proteins
mediate iron uptake, which has some metabolic implications. If
vesicles could contribute to iron depletion of the surroundings,
this would supposedly affect the bacteria negatively unless they
have mechanisms for vesicle re-absorption.
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3.4.7. Antimicrobial Resistance
While the bacteria need to effectively absorb iron compounds in
low-iron conditions, antimicrobials are preferably effluxed out.
Several relevant acriflavin-resistance proteins are highly enriched
in EVf (Tables S2A,B). For instance, VexH, VexB, and VexD
were enriched while VexK was only detected in EVf. These
are members of the AcrB/AcrD/AcrF protein family, known
multidrug efflux transporters (Buckley et al., 2006). The AcrB
protein is located in the inner membrane, where it interacts with
the outer membrane protein TolC through periplasmic protein
AcrA. Deletion of acrB or tolC is associated with hypersensitivity
to a range of antibiotics in S. enterica (Buckley et al., 2006).
Another enriched protein related to resistance is YcfM, also
known as LpoB, which has been identified as an activator of
penicillin-binding-protein PbpG (Jean et al., 2015). A second
protein from the ycf operon, YcfL, was among the most abundant
only detected in EVf. Its location on the same operon could imply
an association with drug resistance, but little is known about this
lipoprotein (Alam et al., 2013). The presence of efflux pumps on
vesicles couldmean that the bacteria gain some benefit from them
being largely void of antimocrobials, which does not contradict
the hypothesis that they can be re-absorbed.

3.4.8. Adhesion and Biofilm Formation
Two other proteins previously detected in EVs fromV. cholerae
are RmbA and RmbC (Altindis et al., 2014). These were both
enriched in EVf (Tables S2A,B) and have been found to be
important for biofilm formation. RbmA is a extracellular protein
that forms tandem fibronectin type III (FnIII) folds (Giglio et al.,
2013), and is required for rugose colony formation and biofilm
structure integrity (Fong et al., 2006). RbmC has been recognized
as a hemolysin and a central agent in biofilm and pellicle
formation, perhaps binding to carbohydrates in the extracellular
matrix (Fong and Yildiz, 2007). It is secreted and localized on the
cell surface (Teschler et al., 2015). The association of EVs with
biofilm formation has been established for some time (Kulp and
Kuehn, 2010), and have been found to be a major structural part
of biofilm in Staphylococcus aureus (He et al., 2019).

3.4.9. Protein Depletion in EVf
A thorough analysis of proteins depleted in EVf is beyond the
main scope of this study, but some interesting observations
deserve comment. As expected, cytoplasmic proteins were
significantly depleted in EVf (Figure 8), but many DNA-
binding proteins stemming from genes that were enriched in
EVf (Table S1) were depleted considerably (Tables S2B,C). For
instance, HU-α and HU-β are depleted by 70 and 80%, while
hupA and hupBmRNA were some of the most enriched mRNAs
in EVf. Similarly, H-NS protein is depleted by 80% in EVf, while
hns mRNA was enriched >7× on average. Ssb is depleted by
80% while ssb mRNA was enriched >11×, and transcription
termination factor Rho is only detected in WC while rho was
enriched >3× in EVf. While the mechanisms behind this is
unknown, it could be that these mRNAs are more stable than the
average, or that they somehow localize to the membrane, maybe
by protein binding. DNA-binding protein HU has been found to
bind to both tmRNA and RNase P RNA in E. coli (Macvanin et al.,
2012), which were both enriched in EVf.

4. CONCLUSION

The present study is the first exploratory work that directly
compares the DNA, RNA and protein content of V. cholerae, to
that of its extracellular vesicles. Many interesting observations
shed light on the general composition of the vesicle fraction,
including their cargo of DNA, functional RNA, mRNA,
RNA-binding proteins and virulence factors. While the
observed nucleic acid enrichment patterns seem to have
possible explanations in membrane protein binding, specific
investigations are required to confirm the specific mechanisms
involved. For instance, a future research objective is to investigate
the effect of ToxR and its binding sites on the enrichment of
DNA in vesicles. An alternative study could be on the effect
of ProQ or other RNA-binding proteins on RNA enrichment.
A series of known virulence proteins were enriched in EVf,
which is to be expected, as the host-pathogen interaction
is modulated in part by the outer membrane proteins of V.
cholerae. Tail tube and tail fiber proteins of several prophages
were abundant in EVf, while no complete phage structures
were visible in electron microscopy. This could imply function
as tailocins, but further research is required to assess this
hypothesis. A discrepancy between transcript enrichment and
the enrichment of their protein products in EVf argues against
significant translation occurring after vesicle isolation, but the
effects of mRNA turnover in this context is unclear. A future
prospect is therefore to investigate the effects of translation-,
transcription-, and RNase inhibitors on the bacterial culture
before vesicle isolation. An interesting observation in the
EVf proteome is that enrichment of genes for several DNA-
binding proteins contrasted the depletion of their protein
product, while for a number of outer membrane proteins,
mRNA enrichment mirrored the proteomic profile. This
could suggest either a certain level of co-translational mRNA
localization, or perhaps differing turnover requirements for
the transcripts of DNA-binding- and membrane proteins. A
research prospect is to locate these mRNAs within the living
bacteria, and identify the affinities of RNA-binding membrane
proteins. If the mechanisms behind the observed enrichment
in DNA, RNA and protein are well-characterized, this would
be a big step on our way to produce customized vesicles. In
turn, this could greatly expand our possibilities when it comes
to the utilization of vesicles as vaccines or vessels for gene-, or
drug delivery.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in NCBI,
accession numbers: PRJNA586749 and PRJNA587223.

AUTHOR CONTRIBUTIONS

PL has planned and performed most of the experiments and
contributed in writing of the manuscript. AK has planned and
performed some of the experiments and contributed in writing
of the manuscript. HW-L had contributed in planning of the
experiments and in writing of the manuscript.

Frontiers in Microbiology | www.frontiersin.org 12 November 2019 | Volume 10 | Article 2708

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Langlete et al. V. cholerae EV Sequencing and Proteomics

FUNDING

This work was supported by the University of Oslo and by the
Research Council of Norway (Grant number 267845).

ACKNOWLEDGMENTS

Thanks to Bente Edvardsen for the loan of filtration equipment,
Antje Hofgaard and Norbert Roos for electron microscopy
advice, and to Bernd Thiede for help with the mass spectrometry

data analysis (all affiliates at the Department of Biosciences,
University of Oslo). Vibrio cholerae TCP2 was a kind
gift from Matthew Waldor (Harvard University, Boston,
MA, USA).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02708/full#supplementary-material

REFERENCES

Abdollahi, S., Rasooli, I., and Gargari, S. L. M. (2018). The role of TonB-dependent
copper receptor in virulence of Acinetobacter baumannii. Infect. Genet. Evolut.
60, 181–190. doi: 10.1016/j.meegid.2018.03.001

Acevedo, R., Fernandez, S., Zayas, C., Acosta, A., Sarmiento, M. E., Ferro, V. A.,
et al. (2014). Bacterial outer membrane vesicles and vaccine applications. Front.
Immunol. 5:121. doi: 10.3389/fimmu.2014.00121

Aguilera, L., Toloza, L., Giménez, R., Odena, A., Oliveira, E., Aguilar,
J., et al. (2014). Proteomic analysis of outer membrane vesicles from
the probiotic strain Escherichia coli nissle 1917. Proteomics 14, 222–229.
doi: 10.1002/pmic.201300328

Akopian, D., Shen, K., Zhang, X., and Shan, S.-O. (2013). Signal recognition
particle: an essential protein-targeting machine. Annu. Rev. Biochem. 82, 693–
721. doi: 10.1146/annurev-biochem-072711-164732

Alam, M. M., Tsai, L. L., Rollins, S. M., Sheikh, A., Khanam, F., Bufano, M. K.,
et al. (2013). Identification of in vivo-induced bacterial proteins during human
infection with Salmonella enterica serotype paratyphi a. Clin. Vaccine Immunol.

20, 712–719. doi: 10.1128/CVI.00054-13
Altindis, E., Fu, Y., and Mekalanos, J. J. (2014). Proteomic analysis of Vibrio

cholerae outer membrane vesicles. Proc. Natl. Acad. Sci. U.S.A. 111, E1548–
E1556. doi: 10.1073/pnas.1403683111

Änkö, M.-L., and Neugebauer, K. M. (2012). RNA–protein interactions
in vivo: global gets specific. Trends Biochem. Sci. 37, 255–262.
doi: 10.1016/j.tibs.2012.02.005

Aqrawi, L. A., Galtung, H. K., Vestad, B., Øvstebø, R., Thiede, B.,
Rusthen, S., et al. (2017). Identification of potential saliva and tear
biomarkers in primary sjögren’s syndrome, utilising the extraction of
extracellular vesicles and proteomics analysis. Arthritis Res. Therapy 19:14.
doi: 10.1186/s13075-017-1228-x

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al.
(2008). The RAST server: rapid annotations using subsystems technology. BMC

Genomics 9:75. doi: 10.1186/1471-2164-9-75
Baker, R. M., Singleton, F., and Hood, M. (1983). Effects of nutrient deprivation on

Vibrio cholerae. Appl. Environ. Microbiol. 46, 930–940.
Balandina, A., Claret, L., Hengge-Aronis, R., and Rouviere-Yaniv, J. (2001).

The Escherichia coli histone-like protein HU regulates rpoS translation. Mol.

Microbiol. 39, 1069–1079. doi: 10.1046/j.1365-2958.2001.02305.x
Barnett, D. W., Garrison, E. K., Quinlan, A. R., Strömberg, M. P., and Marth, G. T.

(2011). BamTools: a C++ API and toolkit for analyzing and managing BAM
files. Bioinformatics 27, 1691–1692. doi: 10.1093/bioinformatics/btr174

Biller, S. J., Schubotz, F., Roggensack, S. E., Thompson, A. W., Summons, R. E.,
and Chisholm, S. W. (2014). Bacterial vesicles in marine ecosystems. Science
343, 183–186. doi: 10.1126/science.1243457

Bitto, N. J., Chapman, R., Pidot, S., Costin, A., Lo, C., Choi, J., et al. (2017). Bacterial
membrane vesicles transport their DNA cargo into host cells. Sci. Rep. 7:7072.
doi: 10.1038/s41598-017-07288-4

Blenkiron, C., Simonov, D., Muthukaruppan, A., Tsai, P., Dauros, P., Green,
S., et al. (2016). Uropathogenic Escherichia coli releases extracellular
vesicles that are associated with RNA. PLoS ONE 11:e0160440.
doi: 10.1371/journal.pone.0160440

Borodavka, A., Singaram, S. W., Stockley, P. G., Gelbart, W. M., Ben-Shaul, A.,
and Tuma, R. (2016). Sizes of long RNA molecules are determined by the

branching patterns of their secondary structures. Biophys. J. 111, 2077–2085.
doi: 10.1016/j.bpj.2016.10.014

Buckley, A. M., Webber, M. A., Cooles, S., Randall, L. P., La Ragione, R. M.,
Woodward, M. J., et aL. (2006). The AcrAB-TolC efflux system of Salmonella

enterica serovar typhimurium plays a role in pathogenesis. Cell. Microbiol. 8,
847–856. doi: 10.1111/j.1462-5822.2005.00671.x

Bukhari, A., and Ambrosio, L. (1978). The invertible segment of bacteriophage Mu
DNA determines the adsorption properties of Mu particles. Nature 271:575.
doi: 10.1038/271575a0

Cameron, D. E., Urbach, J. M., and Mekalanos, J. J. (2008). A defined transposon
mutant library and its use in identifying motility genes in Vibrio cholerae. Proc.
Natl. Acad. Sci. 105, 8736–8741. doi: 10.1073/pnas.0803281105

Chatterjee, D., and Chaudhuri, K. (2011). Association of cholera toxin with
Vibrio cholerae outer membrane vesicles which are internalized by human
intestinal epithelial cells. FEBS Lett. 585, 1357–1362. doi: 10.1016/j.febslet.2011.
04.017

Chiariotti, L., Alifano, P., Carlomagno, M. S., and Bruni, C. B. (1986). Nucleotide
sequence of the Escherichia coli hisD gene and of the Escherichia coli and
Salmonella typhimurium hisIE region. Mol. Gen. Genet. MGG 203, 382–388.
doi: 10.1007/BF00422061

Cornish-Bowden, A. (1985). Nomenclature for incompletely specified bases in
nucleic acid sequences: recommendations 1984. Nucleic Acids Res. 13:3021.
doi: 10.1093/nar/13.9.3021

Crabtree, J., Agrawal, S., Mahurkar, A., Myers, G. S., Rasko, D. A., and
White, O. (2014). Circleator: flexible circular visualization of genome-
associated data with BioPerl and SVG. Bioinformatics 30, 3125–3127.
doi: 10.1093/bioinformatics/btu505

Dauros-Singorenko, P., Blenkiron, C., Phillips, A., and Swift, S. (2018). The
functional RNA cargo of bacterial membrane vesicles. FEMS Microbiol. Lett.

365:fny023. doi: 10.1093/femsle/fny023
Diestra, E., Cayrol, B., Arluison, V., and Risco, C. (2009). Cellular electron

microscopy imaging reveals the localization of the Hfq protein close to the
bacterial membrane. PLoS ONE 4:e8301. doi: 10.1371/journal.pone.0008301

Dubey, A. K., Baker, C. S., Romeo, T., and Babitzke, P. (2005). RNA sequence and
secondary structure participate in high-affinity CsrA-RNA interaction. RNA 11,
1579–1587. doi: 10.1261/rna.2990205

Dunn, S. D., McLachlin, D. T., and Revington, M. (2000). The second stalk of
Escherichia coli ATP synthase. Biochim. Biophys. Acta Bioenerg. 1458, 356–363.
doi: 10.1016/S0005-2728(00)00086-4

Duss, O., Michel, E., Yulikov, M., Schubert, M., Jeschke, G., and Allain, F. H.-
T. (2014). Structural basis of the non-coding RNA RsmZ acting as a protein
sponge. Nature 509:588. doi: 10.1038/nature13271

Erdmann, S., Tschitschko, B., Zhong, L., Raftery, M. J., and Cavicchioli, R.
(2017). A plasmid from an antarctic haloarchaeon uses specialized membrane
vesicles to disseminate and infect plasmid-free cells. Nat. Microbiol. 2:1446.
doi: 10.1038/s41564-017-0009-2

Fong, J. C., Karplus, K., Schoolnik, G. K., and Yildiz, F. H. (2006). Identification
and characterization of RbmA, a novel protein required for the development of
rugose colony morphology and biofilm structure in Vibrio cholerae. J. Bacteriol.
188, 1049–1059. doi: 10.1128/JB.188.3.1049-1059.2006

Fong, J. C., and Yildiz, F. H. (2007). The rbmBCDEF gene cluster modulates
development of rugose colony morphology and biofilm formation in Vibrio

cholerae. J. Bacteriol. 189, 2319–2330. doi: 10.1128/JB.01569-06

Frontiers in Microbiology | www.frontiersin.org 13 November 2019 | Volume 10 | Article 2708

https://www.frontiersin.org/articles/10.3389/fmicb.2019.02708/full#supplementary-material
https://doi.org/10.1016/j.meegid.2018.03.001
https://doi.org/10.3389/fimmu.2014.00121
https://doi.org/10.1002/pmic.201300328
https://doi.org/10.1146/annurev-biochem-072711-164732
https://doi.org/10.1128/CVI.00054-13
https://doi.org/10.1073/pnas.1403683111
https://doi.org/10.1016/j.tibs.2012.02.005
https://doi.org/10.1186/s13075-017-1228-x
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1046/j.1365-2958.2001.02305.x
https://doi.org/10.1093/bioinformatics/btr174
https://doi.org/10.1126/science.1243457
https://doi.org/10.1038/s41598-017-07288-4
https://doi.org/10.1371/journal.pone.0160440
https://doi.org/10.1016/j.bpj.2016.10.014
https://doi.org/10.1111/j.1462-5822.2005.00671.x
https://doi.org/10.1038/271575a0
https://doi.org/10.1073/pnas.0803281105
https://doi.org/10.1016/j.febslet.2011.04.017
https://doi.org/10.1007/BF00422061
https://doi.org/10.1093/nar/13.9.3021
https://doi.org/10.1093/bioinformatics/btu505
https://doi.org/10.1093/femsle/fny023
https://doi.org/10.1371/journal.pone.0008301
https://doi.org/10.1261/rna.2990205
https://doi.org/10.1016/S0005-2728(00)00086-4
https://doi.org/10.1038/nature13271
https://doi.org/10.1038/s41564-017-0009-2
https://doi.org/10.1128/JB.188.3.1049-1059.2006
https://doi.org/10.1128/JB.01569-06
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Langlete et al. V. cholerae EV Sequencing and Proteomics

Ghequire, M. G., and De Mot, R. (2015). The tailocin tale: peeling off phage tails.
Trends Microbiol. 23, 587–590. doi: 10.1016/j.tim.2015.07.011

Ghosal, A., Upadhyaya, B. B., Fritz, J. V., Heintz-Buschart, A., Desai, M. S.,
Yusuf, D., et al. (2015). The extracellular RNA complement of Escherichia coli.
MicrobiologyOpen 4, 252–266. doi: 10.1002/mbo3.235

Giglio, K. M., Fong, J. C., Yildiz, F. H., and Sondermann, H. (2013). Structural basis
for biofilm formation via the Vibrio choleraematrix protein RbmA. J. Bacteriol.
195, 3277–3286. doi: 10.1128/JB.00374-13

Gomes, A. L., and Wang, H. H. (2016). The role of genome accessibility in
transcription factor binding in bacteria. PLoS Comput. Biol. 12:e1004891.
doi: 10.1371/journal.pcbi.1004891

Goss, T. J., Morgan, S. J., French, E. L., and Krukonis, E. S. (2013). ToxR recognizes
a direct repeat element in the toxT, ompU, ompT, and ctxA promoters
of Vibrio cholerae to regulate transcription. Infect. Immunity 81, 884–895.
doi: 10.1128/IAI.00889-12

Haurat, M. F., Aduse-Opoku, J., Rangarajan, M., Dorobantu, L., Gray,
M. R., Curtis, M. A., et al. (2011). Selective sorting of cargo proteins
into bacterial membrane vesicles. J. Biol. Chem. 286, 1269–1276.
doi: 10.1074/jbc.M110.185744

He, X., Li, S., Yin, Y., Xu, J., Gong, W., Li, G., et al. (2019). Membrane
vesicles are the dominant structural components of ceftazidime-induced
biofilm formation in an oxacillin-sensitive MRSA. Front. Microbiol. 10:571.
doi: 10.3389/fmicb.2019.00571

Henderson, D. P., and Payne, S. M. (1994). Vibrio cholerae iron transport systems:
roles of heme and siderophore iron transport in virulence and identification
of a gene associated with multiple iron transport systems. Infect. Immunity 62,
5120–5125.

Holmqvist, E., Li, L., Bischler, T., Barquist, L., and Vogel, J. (2018).
Global maps of ProQ binding in vivo reveal target recognition via RNA
structure and stability control at mRNA 3’ ends. Mol. Cell 70, 971–982.
doi: 10.1016/j.molcel.2018.04.017

Holst, J., Martin, D., Arnold, R., Huergo, C. C., Oster, P., O’Hallahan, J.,
et al. (2009). Properties and clinical performance of vaccines containing
outer membrane vesicles from Neisseria meningitidis. Vaccine 27, B3–B12.
doi: 10.1016/j.vaccine.2009.04.071

Hsiao, A., Liu, Z., Joelsson, A., and Zhu, J. (2006). Vibrio cholerae virulence
regulator-coordinated evasion of host immunity. Proc. Natl. Acad. Sci. U.S.A.
103, 14542–14547. doi: 10.1073/pnas.0604650103

Hughes, K. J., Everiss, K. D., Kovach, M. E., and Peterson, K. M. (1995). Isolation
and characterization of the Vibrio cholerae acfA gene, required for efficient
intestinal colonization. Gene 156, 59–61. doi: 10.1016/0378-1119(95)00054-A

Ionescu, M., Zaini, P. A., Baccari, C., Tran, S., da Silva, A. M., and Lindow, S. E.
(2014). Xylella fastidiosa outer membrane vesicles modulate plant colonization
by blocking attachment to surfaces. Proc. Natl. Acad. Sci. U.S.A. 111, E3910–
E3918. doi: 10.1073/pnas.1414944111

Ishihama, A. (2010). Prokaryotic genome regulation: multifactor promoters,
multitarget regulators and hierarchic networks. FEMS Microbiol Rev. 34, 628–
645. doi: 10.1111/j.1574-6976.2010.00227.x

Jean, N. L., Bougault, C. M., Egan, A. J., Vollmer, W., and Simorre, J.-P. (2015).
Solution NMR assignment of LPOB, an outer-membrane anchored penicillin-
binding protein activator from Escherichia coli. Biomol. NMR Assign. 9, 123–
127. doi: 10.1007/s12104-014-9557-z

Jin, Y., Watt, R. M., Danchin, A., and Huang, J.-D. (2009). Small noncoding RNA
GcvB is a novel regulator of acid resistance in Escherichia coli. BMC Genomics

10:165. doi: 10.1186/1471-2164-10-165
Jurkowitz, M. S., Patel, A., Wu, L.-C., Krautwater, A., Pfeiffer, D. R.,

and Bell, C. E. (2015). The YhhN protein of Legionella pneumophila is
a lysoplasmalogenase. Biochim. Biophys. Acta Biomemb. 1848, 742–751.
doi: 10.1016/j.bbamem.2014.11.011

Kazi, M. I., Conrado, A. R., Mey, A. R., Payne, S. M., and Davies, B. W. (2016).
ToxR antagonizes H-NS regulation of horizontally acquired genes to drive host
colonization. PLoS Pathog. 12:e1005570. doi: 10.1371/journal.ppat.1005570

Kim, Y.-K., and McCarter, L. L. (2000). Analysis of the polar flagellar
gene system of Vibrio parahaemolyticus. J. Bacteriol. 182, 3693–3704.
doi: 10.1128/JB.182.13.3693-3704.2000

Kondo, K., Takade, A., and Amako, K. (1993). Release of the outer membrane
vesicles from Vibrio cholerae and Vibrio parahaemolyticus.Microbiol. Immunol.

37, 149–152. doi: 10.1111/j.1348-0421.1993.tb03192.x

Kulp, A., and Kuehn, M. J. (2010). Biological functions and biogenesis of
secreted bacterial outer membrane vesicles. Annu. Rev. Microbiol. 64, 163–184.
doi: 10.1146/annurev.micro.091208.073413

Kutchma, A. J., Hoang, T. T., and Schweizer, H. P. (1999). Characterization of
a Pseudomonas aeruginosa fatty acid biosynthetic gene cluster: purification of
acyl carrier protein (ACP) andmalonyl-coenzyme A: ACP transacylase (FabD).
J. Bacteriol. 181, 5498–5504.

Laanto, E., Penttinen, R. K., Bamford, J. K., and Sundberg, L.-R. (2014).
Comparing the different morphotypes of a fish pathogen-implications for
key virulence factors in Flavobacterium columnare. BMC Microbiol. 14:170.
doi: 10.1186/1471-2180-14-170

Lagos, L., Tandberg, J. I., Repnik, U., Boysen, P., Ropstad, E., Varkey, D., et al.
(2017). Characterization and vaccine potential of membrane vesicles produced
by Francisella noatunensis subsp. orientalis in an adult zebrafish model. Clin.
Vaccine Immunol. 24:e00557-16. doi: 10.1128/CVI.00557-16

Lee, E.-Y., Choi, D.-S., Kim, K.-P., and Gho, Y. S. (2008). Proteomics in gram-
negative bacterial outer membrane vesicles. Mass Spectrometry Rev. 27, 535–
555. doi: 10.1002/mas.20175

Lenz, D. H., Miller, M. B., Zhu, J., Kulkarni, R. V., and Bassler, B. L. (2005). CsrA
and three redundant small RNAs regulate quorum sensing in Vibrio cholerae.
Mol. Microbiol. 58, 1186–1202. doi: 10.1111/j.1365-2958.2005.04902.x

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment
with Burrows-Wheeler transform. Bioinformatics 26, 589–595.
doi: 10.1093/bioinformatics/btp698

Listgarten, M. A., and Lai, C.-H. (1979). Comparative ultrastructure of
Bacteroides melaninogenicus subspecies. J. Period. Res. 14, 332–340.
doi: 10.1111/j.1600-0765.1979.tb00797.x

Liu, F., Tang, X., Sheng, X., Xing, J., and Zhan,W. (2017). Comparative study of the
vaccine potential of six outer membrane proteins of Edwardsiella tarda and the
immune responses of flounder (Paralichthys olivaceus) after vaccination. Vet.
Immunol. Immunopathol. 185, 38–47. doi: 10.1016/j.vetimm.2017.01.008

Liu, M. Y., Gui, G., Wei, B., Preston, J. F., Oakford, L., Yüksel, Ü., et al. (1997).
The RNA molecule CsrB binds to the global regulatory protein CsrA and
antagonizes its activity in Escherichia coli. J. Biol. Chem. 272, 17502–17510.
doi: 10.1074/jbc.272.28.17502

Lorenz, N., Reiger, M., Toro-Nahuelpan, M., Brachmann, A., Poettinger, L., Plener,
L., et al. (2016). Identification and initial characterization of prophages inVibrio
campbellii. PLoS ONE 11:e0156010. doi: 10.1371/journal.pone.0156010

Macvanin, M., Edgar, R., Cui, F., Trostel, A., Zhurkin, V., and Adhya, S. (2012).
Noncoding RNAs binding to the nucleoid protein HU in Escherichia coli. J.
Bacteriol. 194, 6046–6055. doi: 10.1128/JB.00961-12

Malabirade, A., Habier, J., Heintz-Buschart, A., May, P., Godet, J., Halder,
R., et al. (2018). The RNA complement of outer membrane vesicles from
Salmonella enterica serovar typhimurium under distinct culture conditions.
Front. Microbiol. 9:2015. doi: 10.3389/fmicb.2018.02015

Marin, M. A., and Vicente, A. C. P. (2013). Architecture of the superintegron in
Vibrio cholerae: identification of core and unique genes. F1000Research 2:63.
doi: 10.12688/f1000research.2-63.v1

Martínez, E., Paly, E., and Barre, F.-X. (2015). CTXφ replication depends on
the histone-like HU protein and the UvrD helicase. PLoS Genet. 11:e1005256.
doi: 10.1371/journal.pgen.1005256

Mashburn-Warren, L., Mclean, R., and Whiteley, M. (2008). Gram-negative
outer membrane vesicles: beyond the cell surface. Geobiology 6, 214–219.
doi: 10.1111/j.1472-4669.2008.00157.x

McCaig, W. D., Koller, A., and Thanassi, D. G. (2013). Production of outer
membrane vesicles and outer membrane tubes by Francisella novicida. J.
Bacteriol. 195, 1120–1132. doi: 10.1128/JB.02007-12

McMahon, K. J., Castelli, M. E., Vescovi, E. G., and Feldman, M. F.
(2012). Biogenesis of outer membrane vesicles in Serratia marcescens

is thermoregulated and can be induced by activation of the Rcs
phosphorelay system. J. Bacteriol. 194, 3241–3249. doi: 10.1128/JB.00
016-12

Meibom, K. L., Blokesch, M., Dolganov, N. A., Wu, C.-Y., and Schoolnik, G. K.
(2005). Chitin induces natural competence in Vibrio cholerae. Science 310,
1824–1827. doi: 10.1126/science.1120096

Mekalanos, J. J., Swartz, D. J., Pearson, G. D., Harford, N., Groyne, F., and deWilde,
M. (1983). Cholera toxin genes: nucleotide sequence, deletion analysis and
vaccine development. Nature 306:551. doi: 10.1038/306551a0

Frontiers in Microbiology | www.frontiersin.org 14 November 2019 | Volume 10 | Article 2708

https://doi.org/10.1016/j.tim.2015.07.011
https://doi.org/10.1002/mbo3.235
https://doi.org/10.1128/JB.00374-13
https://doi.org/10.1371/journal.pcbi.1004891
https://doi.org/10.1128/IAI.00889-12
https://doi.org/10.1074/jbc.M110.185744
https://doi.org/10.3389/fmicb.2019.00571
https://doi.org/10.1016/j.molcel.2018.04.017
https://doi.org/10.1016/j.vaccine.2009.04.071
https://doi.org/10.1073/pnas.0604650103
https://doi.org/10.1016/0378-1119(95)00054-A
https://doi.org/10.1073/pnas.1414944111
https://doi.org/10.1111/j.1574-6976.2010.00227.x
https://doi.org/10.1007/s12104-014-9557-z
https://doi.org/10.1186/1471-2164-10-165
https://doi.org/10.1016/j.bbamem.2014.11.011
https://doi.org/10.1371/journal.ppat.1005570
https://doi.org/10.1128/JB.182.13.3693-3704.2000
https://doi.org/10.1111/j.1348-0421.1993.tb03192.x
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1186/1471-2180-14-170
https://doi.org/10.1128/CVI.00557-16
https://doi.org/10.1002/mas.20175
https://doi.org/10.1111/j.1365-2958.2005.04902.x
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1111/j.1600-0765.1979.tb00797.x
https://doi.org/10.1016/j.vetimm.2017.01.008
https://doi.org/10.1074/jbc.272.28.17502
https://doi.org/10.1371/journal.pone.0156010
https://doi.org/10.1128/JB.00961-12
https://doi.org/10.3389/fmicb.2018.02015
https://doi.org/10.12688/f1000research.2-63.v1
https://doi.org/10.1371/journal.pgen.1005256
https://doi.org/10.1111/j.1472-4669.2008.00157.x
https://doi.org/10.1128/JB.02007-12
https://doi.org/10.1128/JB.00016-12
https://doi.org/10.1126/science.1120096
https://doi.org/10.1038/306551a0
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Langlete et al. V. cholerae EV Sequencing and Proteomics

Miczak, A., Srivastava, R., and Apirion, O. (1991). Location of the RNA-processing
enzymes RNase III, RNase E and RNase P in the Escherichia coli cell. Mol.

Microbiol. 5, 1801–1810. doi: 10.1111/j.1365-2958.1991.tb01929.x
Miller, V. L., Taylor, R. K., andMekalanos, J. J. (1987). Cholera toxin transcriptional

activator ToxR is a transmembrane DNA binding protein. Cell 48, 271–279.
doi: 10.1016/0092-8674(87)90430-2

NCBI Reference Sequence: WP_001884322.1 (2018). https://www.ncbi.nlm.nih.
gov/protein/WP_001884322.1

Nevo-Dinur, K., Nussbaum-Shochat, A., Ben-Yehuda, S., and Amster-Choder, O.
(2011). Translation-independent localization of mRNA in E. coli. Science 331,
1081–1084. doi: 10.1126/science.1195691

Nguyen, A. N., Disconzi, E., Charrière, G. M., Destoumieux-Garzón, D., Bouloc,
P., Le Roux, F., et al. (2018). csrB gene duplication drives the evolution
of redundant regulatory pathways controlling expression of the major toxic
secreted metalloproteases in Vibrio tasmaniensis lgp32. MSphere 3:e00582-18.
doi: 10.1128/mSphere.00582-18

Ningqiu, L., Junjie, B., Shuqin, W., Xiaozhe, F., Haihua, L., Xing, Y., Cunbin,
S., et al. (2008). An outer membrane protein, OmpK, is an effective vaccine
candidate for Vibrio harveyi in Orange-spotted grouper (Epinephelus coioides).
Fish Shellfish Immunol. 25, 829–833. doi: 10.1016/j.fsi.2008.09.007

Ofir, G., and Sorek, R. (2017). Vesicles spread susceptibility to phages. Cell 168,
13–15. doi: 10.1016/j.cell.2016.12.035

Olaya-Abril, A., Prados-Rosales, R., McConnell, M. J., Martín-Peña, R., González-
Reyes, J. A., Jiménez-Munguía, I., et al. (2014). Characterization of
protective extracellular membrane-derived vesicles produced by Streptococcus
pneumoniae. J. Proteomics 106, 46–60. doi: 10.1016/j.jprot.2014.04.023

Paz, A., Mester, D., Baca, I., Nevo, E., and Korol, A. (2004). Adaptive
role of increased frequency of polypurine tracts in mRNA sequences of
thermophilic prokaryotes. Proc. Natl. Acad. Sci. U.S.A. 101, 2951–2956.
doi: 10.1073/pnas.0308594100

Pérez-Cruz, C., Carrión, O., Delgado, L., Martinez, G., López-Iglesias, C., and
Mercade, E. (2013). New type of outer membrane vesicle produced by
the Gram-negative bacterium Shewanella vesiculosa M7T: implications for
DNA content. Appl. Environ. Microbiol. 79, 1874–1881. doi: 10.1128/AEM.0
3657-12

Phan, N. Q., Uebanso, T., Shimohata, T., Nakahashi, M., Mawatari, K., and
Takahashi, A. (2015). DNA-binding protein HU coordinates pathogenicity
in Vibrio parahaemolyticus. J. Bacteriol. 197, 2958–2964. doi: 10.1128/JB.0
0306-15

Prilusky, J., and Bibi, E. (2009). Studying membrane proteins through the eyes of
the genetic code revealed a strong uracil bias in their codingmRNAs. Proc. Natl.
Acad. Sci. U.S.A. 106, 6662–6666. doi: 10.1073/pnas.0902029106

Provenzano, D., and Klose, K. E. (2000). Altered expression of the ToxR-regulated
porins OmpU and OmpT diminishes Vibrio cholerae bile resistance, virulence
factor expression, and intestinal colonization. Proc. Natl. Acad. Sci. U.S.A. 97,
10220–10224. doi: 10.1073/pnas.170219997

Provenzano, D., Lauriano, C. M., and Klose, K. E. (2001). Characterization
of the role of the ToxR-modulated outer membrane porins OmpU
and OmpT in Vibrio cholerae virulence. J. Bacteriol. 183, 3652–3662.
doi: 10.1128/JB.183.12.3652-3662.2001

Pulvermacher, S. C., Stauffer, L. T., and Stauffer, G. V. (2009). Role of the
Escherichia coli Hfq protein in GcvB regulation of oppA and dppA mRNAs.
Microbiology 155, 115–123. doi: 10.1099/mic.0.023432-0

Qiagen (2012).Qiagen Plasmid Purification Handbook.Mississauga, ON: QIAGEN
Inc.

Ramisetty, S. K., Langlete, P., Lale, R., and Dias, R. S. (2017). In vitro studies
of DNA condensation by bridging protein in a crowding environment.
Int. J. Biol. Macromolecules 103, 845–853. doi: 10.1016/j.ijbiomac.201
7.05.079

Reidl, J., and Mekalanos, J. J. (1995). Characterization of Vibrio cholerae

bacteriophage K139 and use of a novel mini-transposon to identify
a phage-encoded virulence factor. Mol. Microbiol. 18, 685–701.
doi: 10.1111/j.1365-2958.1995.mmi_18040685.x

Renelli, M., Matias, V., Y Lo, R., and J Beveridge, T. (2004). DNA-containing
membrane vesicles of Pseudomonas aeruginosa pao1 and their genetic
transformation potential. microbiology 150: 2161-2169. Microbiol. 150, 2161–
2169. doi: 10.1099/mic.0.26841-0

Reyes-Robles, T., Dillard, R. S., Cairns, L. S., Silva-Valenzuela, C. A., Housman,
M., Ali, A., et al. (2018). Vibrio cholerae outer membrane vesicles inhibit
bacteriophage infection. J. Bacteriol. 200:e00792-17. doi: 10.1128/JB.00792-17

Rice, P., Longden, I., and Bleasby, A. (2000). Emboss: the European
molecular biology open software suite. Trends Genet. 16, 276–277.
doi: 10.1016/s0168-9525(00)02024-2

Rowe-Magnus, D. A., Guérout, A.-M., and Mazel, D. (1999). Super-integrons. Res.
Microbiol. 150, 641–651. doi: 10.1016/S0923-2508(99)00127-8

Sealfon, R., Gire, S., Ellis, C., Calderwood, S., Qadri, F., Hensley, L., et al.
(2012). High depth, whole-genome sequencing of cholera isolates from Haiti
and the Dominican Republic. BMC Genomics 13:468. doi: 10.1186/1471-2164-
13-468

Seitz, P., Modarres, H. P., Borgeaud, S., Bulushev, R. D., Steinbock, L. J., Radenovic,
A., et al. (2014). ComEA is essential for the transfer of external DNA into
the periplasm in naturally transformable Vibrio cholerae cells. PLoS Genet.

10:e1004066. doi: 10.1371/journal.pgen.1004066
Sjöström, A. E., Sandblad, L., Uhlin, B. E., and Wai, S. N. (2015).

Membrane vesicle-mediated release of bacterial RNA. Sci. Rep. 5:15329.
doi: 10.1038/srep15329

Smirnov, A., Förstner, K. U., Holmqvist, E., Otto, A., Günster, R., Becher,
D., et al. (2016). Grad-seq guides the discovery of ProQ as a major
small RNA-binding protein. Proc. Natl. Acad. Sci. U.S.A. 113, 11591–11596.
doi: 10.1073/pnas.1609981113

Smith, T. J., Font, M. E., Kelly, C. M., Sondermann, H., and O’Toole,
G. A. (2018). An N-terminal retention module anchors the giant adhesin
LapA of Pseudomonas fluorescens at the cell surface: a novel subfamily of
type I secretion systems. J. Bacteriol. 200, e00734-17. doi: 10.1128/JB.00
734-17

Terui, Y., Tabei, Y., Akiyama, M., Higashi, K., Tomitori, H., Yamamoto, K.,
et al. (2010). Ribosome modulation factor, an important protein for cell
viability encoded by the polyamine modulon. J. Biol. Chem. 285, 28698–28707.
doi: 10.1074/jbc.M110.111195

Teschler, J. K., Zamorano-Sánchez, D., Utada, A. S., Warner, C. J., Wong, G. C.,
Linington, R. G., et al. (2015). Living in the matrix: assembly and control
of Vibrio cholerae biofilms. Nat. Rev. Microbiol. 13:255. doi: 10.1038/nrmicr
o3433

Theodorou, M. C., Theodorou, E. C., and Kyriakidis, D. A. (2012).
Involvement of AtoSC two-component system in Escherichia coli

flagellar regulon. Amino Acids 43, 833–844. doi: 10.1007/s00726-011-
1140-7

Toyofuku, M., Cárcamo-Oyarce, G., Yamamoto, T., Eisenstein, F., Hsiao, C.-C.,
Kurosawa, M., et al. (2017). Prophage-triggered membrane vesicle formation
through peptidoglycan damage in Bacillus subtilis. Nat. Commun. 8:481.
doi: 10.1038/s41467-017-00492-w

Tran, F., and Boedicker, J. Q. (2019). Plasmid characteristics modulate the
propensity of gene exchange in bacterial vesicles. J. Bacteriol. 201:e00430-18.
doi: 10.1128/JB.00430-18

Wyckoff, E. E., Allred, B. E., Raymond, K. N., and Payne, S. M. (2015).
Catechol siderophore transport by Vibrio cholerae. J. Bacteriol. 197, 2840–2849.
doi: 10.1128/JB.00417-15

Xu, Q., Dziejman, M., and Mekalanos, J. J. (2003). Determination of
the transcriptome of Vibrio cholerae during intraintestinal growth and
midexponential phase in vitro. Proc. Natl. Acad. Sci. U.S.A. 100, 1286–1291.
doi: 10.1073/pnas.0337479100

Yamanaka, K., Mitani, T., Ogura, T., Niki, H., and Hiraga, S.
(1994). Cloning, sequencing, and characterization of multicopy
suppressors of a mukB mutation in Escherichia coli. Mol.

Microbiol. 13, 301–312. doi: 10.1111/j.1365-2958.1994.tb0
0424.x

Yamanaka, K., Zheng, W., Crooke, E., Wang, Y.-H., and Inouye, M.
(2001). CspD, a novel DNA replication inhibitor induced during the
stationary phase in Escherichia coli. Mol. Microbiol. 39, 1572–1584.
doi: 10.1046/j.1365-2958.2001.02345.x

Yaron, S., Kolling, G. L., Simon, L., and Matthews, K. R. (2000). Vesicle-
mediated transfer of virulence genes from Escherichia coli O157: H7
to other enteric bacteria. Appl. Environ. Microbiol. 66, 4414–4420.
doi: 10.1128/AEM.66.10.4414-4420.2000

Frontiers in Microbiology | www.frontiersin.org 15 November 2019 | Volume 10 | Article 2708

https://doi.org/10.1111/j.1365-2958.1991.tb01929.x
https://doi.org/10.1016/0092-8674(87)90430-2
https://www.ncbi.nlm.nih.gov/protein/WP_001884322.1
https://www.ncbi.nlm.nih.gov/protein/WP_001884322.1
https://doi.org/10.1126/science.1195691
https://doi.org/10.1128/mSphere.00582-18
https://doi.org/10.1016/j.fsi.2008.09.007
https://doi.org/10.1016/j.cell.2016.12.035
https://doi.org/10.1016/j.jprot.2014.04.023
https://doi.org/10.1073/pnas.0308594100
https://doi.org/10.1128/AEM.03657-12
https://doi.org/10.1128/JB.00306-15
https://doi.org/10.1073/pnas.0902029106
https://doi.org/10.1073/pnas.170219997
https://doi.org/10.1128/JB.183.12.3652-3662.2001
https://doi.org/10.1099/mic.0.023432-0
https://doi.org/10.1016/j.ijbiomac.2017.05.079
https://doi.org/10.1111/j.1365-2958.1995.mmi_18040685.x
https://doi.org/10.1099/mic.0.26841-0
https://doi.org/10.1128/JB.00792-17
https://doi.org/10.1016/s0168-9525(00)02024-2
https://doi.org/10.1016/S0923-2508(99)00127-8
https://doi.org/10.1186/1471-2164-13-468
https://doi.org/10.1371/journal.pgen.1004066
https://doi.org/10.1038/srep15329
https://doi.org/10.1073/pnas.1609981113
https://doi.org/10.1128/JB.00734-17
https://doi.org/10.1074/jbc.M110.111195
https://doi.org/10.1038/nrmicro3433
https://doi.org/10.1007/s00726-011-1140-7
https://doi.org/10.1038/s41467-017-00492-w
https://doi.org/10.1128/JB.00430-18
https://doi.org/10.1128/JB.00417-15
https://doi.org/10.1073/pnas.0337479100
https://doi.org/10.1111/j.1365-2958.1994.tb00424.x
https://doi.org/10.1046/j.1365-2958.2001.02345.x
https://doi.org/10.1128/AEM.66.10.4414-4420.2000
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Langlete et al. V. cholerae EV Sequencing and Proteomics

Yu, N. Y., Wagner, J. R., Laird, M. R., Melli, G., Rey, S., Lo, R., et al.
(2010). PSORTb 3.0: improved protein subcellular localization prediction with
refined localization subcategories and predictive capabilities for all prokaryotes.
Bioinformatics 26, 1608–1615. doi: 10.1093/bioinformatics/btq249

Zheng, W., Bergman, B., Chen, B., Zheng, S., Xiang, G., and Rasmussen, U. (2009).
Cellular responses in the cyanobacterial symbiont during its vertical transfer
between plant generations in the Azolla microphylla symbiosis. N. Phytol. 181,
53–61. doi: 10.1111/j.1469-8137.2008.02644.x

Zhou, Y., Liang, Y., Lynch, K. H., Dennis, J. J., and Wishart, D. S. (2011).
PHAST: a fast phage search tool. Nucleic Acids Res. 39(Suppl_2), W347–W352.
doi: 10.1093/nar/gkr485

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Langlete, Krabberød and Winther-Larsen. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Microbiology | www.frontiersin.org 16 November 2019 | Volume 10 | Article 2708

https://doi.org/10.1093/bioinformatics/btq249
https://doi.org/10.1111/j.1469-8137.2008.02644.x
https://doi.org/10.1093/nar/gkr485
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Vesicles From Vibrio cholerae Contain AT-Rich DNA and Shorter mRNAs That Do Not Correlate With Their Protein Products
	1. Introduction
	2. Methods and Materials
	2.1. Cultures and Media
	2.2. EV Isolation
	2.3. DNA and RNA Preparation
	2.3.1. DNA Isolation
	2.3.2. RNA Isolation

	2.4. Sequencing and Analysis
	2.4.1. Reference Genome Assembly
	2.4.2. Coverage Analysis

	2.5. Protein Analysis
	2.6. Electron Microscopy
	2.6.1. Immuno-Gold Labeling


	3. Results and Discussion
	3.1. Electron Micrographs Reveal DNA Associated With EVs From V. cholerae
	3.2. EV-Associated DNA Is Characteristically Different From Whole Cell DNA
	3.2.1. Phage DNA
	3.2.2. ToxR Binding Motifs
	3.2.3. Restriction Sites
	3.2.4. Superintegron
	3.2.5. GC-Content

	3.3. EV-Associated RNA Is Characteristically Different From the Whole Cell Transcriptome
	3.3.1. Ribosomal RNA
	3.3.2. Functional-, and Non-coding RNA
	3.3.3. Phage mRNAs
	3.3.4. Bacterial mRNAs

	3.4. The EV Proteome Is Enriched in Periplasmic-, Membrane-, and Extracellular Proteins
	3.4.1. Subcellular Location
	3.4.2. mRNA–Protein Correlation
	3.4.3. RNA-Binding Protein
	3.4.4. Flagella and Phage Proteins
	3.4.5. Virulence Factors
	3.4.6. Iron Transport Proteins
	3.4.7. Antimicrobial Resistance
	3.4.8. Adhesion and Biofilm Formation
	3.4.9. Protein Depletion in EVf


	4. Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


