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Bacteriophages use a large number of different bacterial cell envelope structures as
receptors for surface attachment. As a consequence, bacterial surfaces represent a major
control point for the defense against phage attack. One strategy for phage population
control is the production of outer membrane vesicles (OMVs). In Gram-negative host
bacteria, O-antigen-specific bacteriophages address lipopolysaccharide (LPS) to initiate
infection, thus relying on an essential outer membrane glycan building block as receptor
that is constantly present also in OMVs. In this work, we have analyzed interactions of
Salmonella (S.) bacteriophage P22 with OMVs. For this, we isolated OMVs that were
formed in large amounts during mechanical cell lysis of the P22 S. Typhimurium host.
In vitro, these OMVs could efficiently reduce the number of infective phage particles.
Fluorescence spectroscopy showed that upon interaction with OMVs, bacteriophage P22
released its DNA into the vesicle lumen. However, only about one third of the phage P22
particles actively ejected their genome. For the larger part, no genome release was
observed, albeit the majority of phages in the system had lost infectivity towards their
host. With OMVs, P22 ejected its DNA more rapidly and could release more DNA against
elevated osmotic pressures compared to DNA release triggered with protein-free LPS
aggregates. This emphasizes that OMV composition is a key feature for the regulation of
infective bacteriophage particles in the system.

Keywords: bacteriophage, bacterial outer membrane vesicles, O-antigen, bacterial membrane fractionation,
Salmonella, lipopolysaccharide

INTRODUCTION

Bacteriophages are ubiquitous in the microbial world and major players in many bacterial
ecosystems. Here, they perform a variety of life styles, with prophages or mature phage particles
as prominent examples of prevalent phage states (Feiner et al., 2015). Key event in a phage’s
life cycle is the interaction with host surface receptors to initiate infection of the bacterial
host. If this step is successful, the resulting genome transfer to the bacterial cytosol will open
the route for a plethora of phage genome functions inside the host cell (Salmond and Fineran,
2015; Erez et al., 2017; Rostol and Marraffini, 2019). Diverse bacterial cell surface structures
serve as bacteriophage receptors (Silva et al., 2016). Besides protein-based phage receptors,
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glycan structures, the major building blocks of the bacterial
envelope, represent a very important and structurally diverse
phage receptor class (Pires et al., 2016; Latka et al., 2017).
Phages do not only exploit glycans to start cell entry (Wang
et al., 2019) but also may alter these structures to prevent
superinfection (Kintz et al., 2015). In turn, bacteria constantly
modify their surface composition to escape from phage attack
(Rostol and Marraffini, 2019).

O-antigen-specific ~ phages are specialists that wuse
lipopolysaccharide (LPS) as an essential receptor for infection
initiation in Gram-negative hosts (Broeker and Barbirz, 2017).
These tailed phages link recognition and enzymatic processing
of the O-polysaccharide to a so far unknown membrane interaction
step that leads to conformational rearrangements in the tail
and subsequent particle opening in vitro (Andres et al., 2010,
2012; Broeker et al., 2018, 2019). In vivo, full genome transfer
additionally requires other factors like outer membrane (OM)
proteins or a membrane potential (Leavitt et al., 2013; Parent
et al., 2014). In vitro, purified and protein-free LPS alone is
sufficient to inactivate O-antigen-specific phages, because binding
to membrane-mimicking LPS aggregates can trigger DNA release
from the capsid (Broeker et al., 2019). In vitro studies furthermore
revealed that the kinetics of this process were dependent on
the architecture of the tail, but not on the chemical composition
of the O-antigen receptor. Moreover, to control phage populations
and to achieve superinfection exclusion, O-antigen-specific phages
may modify the O-antigen structure of their host cell
(Susskind et al., 1974; Cenens et al., 2015).

In response to bacteriophage attack, bacteria control the
number of phage particles in their environment in multiple
ways, and, in turn, phages respond by own strategies to overcome
bacterial defense (Doron et al., 2018; Vidakovic et al., 2018;
Rostol and Marraffini, 2019). Among the large number of
defense mechanisms determining the ecosystem in which
bacteria and phages coexist, as a matter of fact, the host surface
is a critical point for bacteriophage entry control (Leon and
Bastias, 2015). For example, O-antigen phase variations may
result in mixed bacterial populations and an increased resistance
to phage attack (Seed et al., 2012; Schmidt et al., 2016).
Moreover, like all living cells, bacteria can also shed outer
membrane vesicles (OMVs; Schwechheimer and Kuehn, 2015).
In OMVs, bacteria may control the content of bacteriophage
surface receptors and thus exploit this extracellular material
as buffer against phage attack (Manning and Kuehn, 2011;
Biller et al, 2014; Reyes-Robles et al., 2018).

The ubiquitous budding of spherical OM structures is highly
conserved in both pathogenic and non-pathogenic Gram-negative
bacteria (Bai et al., 2014; Celluzzi and Masotti, 2016; Guerrero-
Mandujano et al., 2017). OMVs are composed of OMs, containing
LPS, phospholipids and OM proteins, and soluble periplasmic
components like DNA and proteins. OMVs function in bacterial
communication, cell wall remodeling, horizontal gene transfer,
defense, and pathogenicity (Mashburn and Whiteley, 2005;
Bonnington and Kuehn, 2016; Crispim et al., 2019); their
composition may thus differ from that of OM and periplasm
(Schwechheimer et al, 2013; Kim et al., 2018; Malge et al,
2018). The size of the vesicles depends on the given strain

but generally ranges from 50 to 250 nm in diameter (Beveridge,
1999). Vesiculation is induced as response to different stress
factors, like the presence of antimicrobial or toxic particles or
unfavorable environmental conditions, for example, nutrient
deficiency or elevated temperatures (Loeb, 1974; Manning and
Kuehn, 2011; Schwechheimer et al.,, 2013; Bai et al., 2014).
Host cell OMVs can bind and rapidly remove free phage
particles from a solution and effectively reduce phage activity
(Manning and Kuehn, 2011; Biller et al., 2014; Parent et al,,
2014; Reyes-Robles et al., 2018). However, the mechanisms of
this interaction, that is time-resolved observation of the all
involved steps on a molecular level, have not been studied in
detail so far.

In this work, we have analyzed Salmonella phage P22 in the
presence of OMV prepared from its host, Salmonella enterica
ssp. enterica sv. Typhimurium (S. Typhimurium). Podovirus P22
is an O-antigen-specific, transducing phage with a short,
non-contractile tail. P22 is a well-established model system for
studying DNA transduction, Salmonella genetics, and lysogeny
(Prevelige, 2006; Casjens and Grose, 2016). P22 uses LPS as its
receptor, and tailspike protein (TSP)-mediated cleavage of the
O-antigen part then positions the phage particle on the cell surface,
where the particle opens (Andres et al, 2010). In vivo, genome
transfer is mediated by a set of P22 ejection proteins that contribute
to forming a channel-like structure that provides access to the
cytosol by bridging the cell wall (Wang et al, 2019). In vitro,
purified protein-free LPS aggregates mimicking the OM were
sufficient to elicit DNA release into the solution (Andres et al.,
2010). We wanted to extend this in vitro system to a more complex
receptor system and have analyzed dynamics of DNA release
from phage P22 in the presence of OMVs. We used large-scale
OMV preparations to obtain sufficient material for fluorescence
spectroscopy studies (Thein et al, 2010). Our in vitro analyses
show that OMVs efficiently rendered P22 phage particles
non-infective. OMV-triggered P22 phages ejected their DNA more
rapidly than LPS-triggered P22 phages. However, and in contrast
to pure LPS preparations, when triggered by OMYVs, only a
subfraction of these phages also injected their DNA into the vesicles.

MATERIALS AND METHODS

Materials and Bacterial Strains

Yo-Pro®-1 iodide was obtained from Invitrogen (Thermo Fisher
Scientific Life Technologies, Darmstadt, Germany), and Purpald®
(4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole and 4-Amino-5-
hydrazino-1,2,4-triazole-3-thiol) was obtained from Sigma Aldrich
(Merck KGaA, Darmstadt, Germany). The standard buffer in
all experiments was 10 mM Tris-HCI and 4 mM MgCl,, pH
7.6. Salmonella strains S. Typhimurium AroA:Tnl0 iroBC:kan
(LPS and vesicle preparation) and S. Typhimurium DB 7136
LT2 (phage propagation) were from our laboratory collections
(Tindall et al., 2005). The hypervesiculating strain S. Typhimurium
ATCC 14028 MvP2390 was provided by Prof. Dr. Michael Hensel
(University Osnabriick). Preparation of LPS has been described
previously (Andres et al., 2010). LPS was quantified in all OMV
samples by the Purpald® assay, and the protein content of OMV
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was determined with bicinchoninic acid (BCA; Smith et al., 1985;
Lee and Tsai, 1999). PEG 8000 was purchased from Roth (Carl
Roth GmbH, Karlsruhe, Germany). All other chemicals used were
of analytic grade and double-distilled water was used throughout.

Preparation of Outer Membrane Vesicles
From Cell Lysates

OMVs present after mechanical cell lysis were prepared according
to Thein et al. (2010). Briefly, S. Typhimurium AroA:Tnl0
iroBC:kan were grown in LB medium supplemented with
50 pg ml™" kanamycin overnight at 37°C. After cell harvest,
cells were incubated with 0.1 mg ml™ lysozyme and 10 pg ml™
DNase I on ice and lysed with French press. Membranes were
collected by centrifugation at 75,400 x g for 30 min at 4°C and
suspended in standard buffer. For OMV purification with sucrose
density gradients (“OMV Suc”), total membranes were loaded
on a three-step sucrose density gradient (3 ml 75% w/v, 5 ml
50% w/v, and 3 ml 25% w/v) and centrifuged at 250,000 x g
for 12 to 16 h at 4°C to separate inner membrane (IM) and
OM fractions. The OM accumulated at the 50/75% sucrose
interface. The harvested OM fraction was diluted in water,
collected at 30,000 x g (30 min) and stored at 4°C. Alternatively,
OMVs were obtained by selective detergent solubilization (“OMV
Det”). For this, the total membranes after French press lysis
were incubated with 1% N-lauroylsarcosine and centrifuged at
30,000 x g for 30 min at 4°C to solubilize the IM. To wash
OMYV, they were suspended in water, collected at 30,000 x g
(30 min) and stored at 4°C.

Preparation of Outer Membrane Vesicles
Naturally Budded Into Saimonelia Culture
Supernatants

Hypervesiculating S. Typhimurium ATCC 14028 MvP2390 were
grown in LB medium supplemented with 50 pg ml™* kanamycin
at 37°C to an ODgyp ,m of 1.5. Cells and cell debris were
removed by two subsequent centrifugation steps at 4000 x g
(15 min each, 4°C). The supernatant was filtered twice on
Whatman cellulose acetate 0.45 pm and 0.20 pm (GE Healthcare
Europe GmbH, Freiburg, Germany), and OMVs (“OMV budded”)
were collected from the filtrate at 38,500 x g (3 h, 4°C) and
stored in phosphate-buffered saline (PBS) at 4°C.

Electron Microscopy

EM images were recorded on a JEOL JEM1400-Plus transmission
electron microscope (TEM). Staining methods for Gram-negative
bacteria samples have been described (Grin et al., 2011). Samples
were loaded on Formvar-coated copper grids, stained with 1%
(w/v) uranyl acetate and embedded in 1% (w/v) uranyl acetate
and 0.4% (w/v) methyl cellulose.

Interaction Studies of Phage Particles With
LPS and OMVs

Plaque-Forming Assay

The plaque-forming assay monitors the decrease of infectious
particles due to co-incubation with LPS or OMV. 5 x 10° pfu ml™

P22 bacteriophages were incubated with 2.5 pg ml™ LPS or
OMYV LPS equivalents in standard buffer at 37°C. After different
incubation times, 100 pl were taken, mixed with warm soft
agar, and plated on thin LB agar plates. After overnight incubation
at 37°C, the plaques were counted and plaque-forming units
(pfu ml™) were determined. As control, P22 bacteriophages
were incubated with buffer only.

DNA Ejection Monitored by Yo-Pro
Fluorescence

Bacteriophage P22 DNA ejection was followed by fluorescence
spectroscopy as described before (Andres et al, 2010). OMVs
for these experiments were prepared with the sucrose gradient
method (OMYV Suc). Briefly, 4 x 10° pfu ml™' P22 bacteriophages
were incubated at 37°C with 10 pg ml™ LPS or OMV LPS
equivalents in the presence of 1.1 uM Yo-Pro®-1 iodide. The
fluorescence signal was detected at 509 nm after excitation at
491 nm. After 170 min, DNase I was added to a final concentration
of 10 pg ml™'. Curves were corrected for Yo-Pro phage staining
in presence of O-antigen-depleted OMVs. Curves were fitted
to a monoexponential function as described before (Andres
et al.,, 2010; Chiaruttini et al., 2010).

Fy = Fiax + (1 - e—k,,,,e,,t) (1)

F Fluorescence signal at time point t
Fnax maximum signal amplitude
Kopen reaction rate constant of phage particle opening

t time
For ejection experiments with PEG 8000, osmotic pressures
at 37°C were calculated from the PEG weight fraction according
to the empirical polynomial (Parsegian et al., 1986):

I1(atm)=—1.29 G*T +140G” + 4G
G Converted PEG weight percent (w) concentration:

W
100 —w

T Temperature (°C)

RESULTS

Preparation and Characterization of

S. Typhimurium Outer Membrane Vesicles
To investigate differences in preparation of OMVs and to study
the effects of altered vesicle characteristics on bacteriophage
interactions, different preparation protocols were employed
(Table 1). Gram-negative bacteria shed OMVs in culture
supernatants; however, the low concentrations usually require
large preparation scales to obtain sufficient amounts for quantitative
functional analyses. We therefore generated OMV samples by
accumulation of OMs after mechanical lysis of S. Typhimurium
cells. Either IMs and OMs were separated on sucrose density
gradients or IMs were solubilized by detergents to collect the
OM fraction by centrifugation (Thein et al., 2010). Moreover,
and for comparison, we isolated OMVs from culture supernatant
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TABLE 1 | Preparation methods for OMVs from S. Typhimurium.

OMV sample® Membrane preparation Enzyme treatment Separation of IM and OM Vesicle diameter® Protein/ LPS ratio®

OMV Det Membrane accumulation DNase | and lysozyme Solubilization of inner 50-100 nm 0.178
treatment membrane

OMV Det" Membrane accumulation --- Solubilization of inner 50-425 nm 0.244

membrane

OMV Suc Membrane accumulation DNase | and lysozyme Sucrose density gradient 25-125 nm 0174
treatment

Budded OMV Naturally budded vesicles - 25-100 nm 0.936

2Det, detergent method; Suc, sucrose gradient method.

bDetermined by electron microscopy and dynamic light scattering (Supplementary Figure S1).

°BCA and Purpald assay.

A B Lo

it

-
o

OMV Suc. The bar represents 50 nm.

FIGURE 1 | Transmission electron microscopy of Saimonella Typhimurium outer membrane vesicles (OMVs). (A) OMV Det, (B) OMV Det", (C) budded OMV, (D)

filtrates of the hypervesiculating S. Typhimurium strain MvP2390
that is defective in Brauns lipoprotein (Dramsi et al., 2008).
Electron microscopy analysis showed that with all preparation
methods, samples were obtained with spherical vesicles of 50-100 nm
diameter (Figure 1). Stokes radii measured by dynamic light
scattering confirmed these OMYV size distributions (Supplementary
Figure S1). To obtain homogeneously round-shaped vesicles from
membrane accumulation, we noticed that a pre-lysis treatment
of cells with DNase I and lysozyme was mandatory, because
otherwise only large and irregular membrane aggregates were
formed (Figure 1B and Supplementary Figure S2). The vesicles
protein: LPS ratio was calculated from analyses with BCA and
Purpald assays, respectively (Table 1). In contrast, IM fractions
that could be isolated from sucrose gradients contained notably
less vesicle-like structures (Supplementary Figure S3). OMVs
from membrane accumulation contained typical OM markers, like
OM proteins and LPS (Supplementary Figure S3). SDS-PAGE
with glycan staining confirmed that they contained LPS with a
typical O-antigen chain length distribution (Supplementary Figure
$4). Hence, LPS in OMVs could be quantified with the Purpald
assay. Furthermore, co-expression of a fluorescently labeled OmpA-
mCherry construct as OM marker protein showed that it was
located in the OMV fraction after membrane accumulation and
sucrose density gradient separation (Supplementary Figure S3).
The budded OMVs from culture supernatants showed an
increased protein content compared to OMVs collected by
membrane accumulation and also a different protein composition
as estimated from SDS-PAGE analysis (Supplementary Figure S5).
As shown earlier, under typical growth conditions, naturally
budded Salmonella OMVs contain an increased amount of
cytosolic proteins (Bai et al., 2014), which may account for

the elevated protein content. Moreover, EM images of our
samples revealed flagella-like structures that apparently had
co-purified with the OMVs. In principle, it would be also
possible that additional periplasmic proteins are present in the
lumen of these naturally budded vesicles or that they display
increased amounts of OM proteins (Volgers et al, 2018).
However, the small yield of these OMVs isolated from culture
supernatants impeded a further detailed proteomic analysis.

Interaction of Vesicles With Bacteriophage
P22
Transmission electron microscopy showed that P22
bacteriophages interact with OMVs. After overnight incubation
at 37°C, the uranyl acetate stain reveals the OM structure as
a bright ring enclosing the vesicle lumen that appeared in a
darker, “negative” stain (Figure 2). All OMV preparations
showed vesicles being bound by phages. Phages either showed
intense staining of the capsid shell or a lighter appearance of
their capsids, which we assign to DNA-ejected and non-ejected
particles, respectively. Phages were attached to the vesicle surface
with their tail apparatus (arrows in Figure 2), but at the given
resolution, differences in the tail conformation of ejected and
non-ejected phages cannot be verified. As a rough estimate
from manual image inspection, we found about 25% of the
vesicles with bound phage (Supplementary Figure S6). A
quantitative analysis would require cryo-EM sample preparation
and variation of the phage-OMYV ratio to estimate proportions
of bound and ejected versus bound and non-ejected phages
(Parent et al., 2014; Reyes-Robles et al., 2018).

To further validate irreversible binding and inactivation
of phage P22 by OMVs, we analyzed P22-OMV mixtures
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FIGURE 2 | Transmission electron microscopy images of OMV incubated with bacteriophage P22. The arrows point to the phage’s baseplate. The bar represents
50 nm. (A) OMV Suc, (B) OMV Det, (C) OMV Det", (D) budded OMV (cf. Table 1 for description of different OMV samples).

for their ability to form plaques on the P22 S. Typhimurium
host. With prolonged incubation times, we found that the
plaque-forming units in the presence of membrane preparation-
derived OMVs were reduced rapidly to less than 5% of the
initial value (Figure 3). Interestingly, the inactivation of P22
by OMVs was well comparable to that found by a purified,
protein-free LPS sample; accordingly, we assume that the
proteins present in the OMVs did not influence the phage
inactivation. Rather, as previously described, the isolated LPS
receptor is a sufficient inhibitor to inactivate the O-antigen-
specific P22 phage (Broeker and Barbirz, 2017; Broeker et al.,
2019). However, whereas inactivation profiles for OMVs
obtained from OM and LPS were highly similar, budded
OMVs obtained from culture supernatants showed a much
slower inactivation effect on phage P22, with about 25% of
active phage particles remaining after 6 h of incubation.
This might be related to their increased protein content,
probably reducing the number and altering the distribution
of surface-accessible LPS receptors, resulting in a slower
decrease of infective, unbound phage particles. Flagella
contaminations in this preparation might additionally have
affected their capacity for phage inactivation.

P22 Bacteriophage Particle Opening
Analysis With Vesicles

Lysis and plaque-forming assays only show irreversible binding
and inactivation of phage P22, but no information is obtained
whether inactivated bacteriophage P22 particles have lost their
DNA upon contact with OMVs. Moreover, from negative stain
EM analyses, neither quantitative amounts of ejected phage
nor dynamics of the DNA ejection process were accessible.
We therefore monitored DNA ejection of bacteriophage P22
with a fluorescence ejection assay that has been described
previously (Andres et al, 2010, 2012; Broeker et al, 2018,
2019). In this assay, purified host LPS is mixed with the
bacteriophage. This triggers opening of the phage capsid and
release of DNA in the surrounding solution that contains the
fluorescent DNA-intercalating dye Yo-Pro. This leads to a rapid

s
N
o

1

=
o ~ =
o 3 o

normalized p.f.u.

N
o

control LPS OMV Det* OMV Suc OMV budded

FIGURE 3 | Reduction of P22 plaque formation on S. Typhimurium in the
presence of LPS or OMV. 8 x 10* P22 bacteriophages were incubated with
2.5 ug ml=' LPS or 2.5 pg ml-' OMV LPS equivalents at 37°C before analysis
of plague-forming units on S. Typhimurium. Increasing incubation times
shown as fading colors: 0, 5, 10, 20, 30, 45, 60, 90, 120, 180, and 240 min.
For characteristics of different OMV types cf. Table 1. Error bars represent
results from three technical replicates.

and intense fluorescence signal increase with increasing phage
DNA concentrations in solution. In contrast, in the absence
of LPS, phage particles remain intact and only show a weak
background fluorescent signal, because the dye Yo-Pro has weak
affinity to the highly condensed DNA inside the phage capsids.
As a consequence, O-antigen-specific phages only show a DNA
ejection signal when triggered with an intact LPS, whereas
O-polysaccharide or lipid A alone or rough LPS do not elicit
DNA release (Andres et al., 2010). For P22, as for other phages,
monoexponential kinetic ejection profiles were measured with
this method that describes the rate-limiting phage particle
opening step (Chiaruttini et al., 2010; Andres et al., 2012).
Co-incubation of P22 phage and OMVs in the presence of
Yo-Pro resulted in a monoexponential increase of the fluorescence
signal, reaching a plateau after about 170 min (Figure 4).
Neither OMV's alone nor a control in which phage was incubated
with OMVs that lack the phage O-antigen receptor showed a
notable fluorescence signal increase. Hence, the fluorescence
increase in the presence of OMVs monitors phage DNA liberated
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FIGURE 4 | DNA release from bacteriophage P22 triggered by OMV or LPS.
Incubation of 4 x 10° pfu/ml P22 phages at 37°C in the presence of a
fluorescent DNA-binding dye (1 pM Yo-Pro) with 10 ug mi-' LPS (blue circles)
or OMVs (white triangles; 10 pg mi~' LPS equivalents, see Materials and
Methods). Rate constants for phage particle opening were calculated from
monoexponential fluorescence increase to Kope,ps = 5.89 £ 0.01 x 10 s,
and Kopenomy = 10.00 + 0.01 x 107* 57, respectively (Chiaruttini et al., 2010).
After 170 min, DNase | (10 pg mI~") was added to the ejected phages, either
LPS-triggered (cyan circles) or OMV-triggered (black triangles). Plot shows
mean values of three technical replicates. For clarity, only every tenth point was
plotted and exemplary error bars are given for the last points of the ejection
curves and for data in presence of DNase | only. Plots with all error bars can
be found in Supplementary Figure S9. As an O-antigen-free control,

10 pg mi~" OMV LPS equivalents were incubated overnight with 10 pg mi~'
P22TSP at 37°C prior to the ejection experiment (white squares).

from the phage capsids. We monitored similar DNA release
profiles from phage P22 with all OMVs irrespective of their
source and purification protocol (Supplementary Figure S7).
However, the naturally budded OMVs contained protein
impurities and were available only at an overall poor yield
(see above). In all fluorescence experiments, we therefore worked
with OMVs obtained from accumulated membranes with the
sucrose gradient method (c¢f. Materials and Methods).

To check whether phages ejected their DNA into the vesicles
or into the solution, we added DNase I after the ejection
signal had reached a plateau. If DNA is free in solution,
nucleotides produced by DNase I will no longer intercalate
with Yo-Pro, resulting in a decrease of the fluorescence signal
(Andres et al., 2010). However, the fluorescence signal obtained
from P22 DNA ejection in the presence of OMVs did not
decrease (Figure 4). Apparently, when triggered by OMVs, all
DNA ejected from phage was not accessible to DNase I, because
it was protected either inside the vesicles or inside the
phage capsids.

The plaque-forming assay showed that OMVs can rapidly
inactivate phage particles in solution. To check whether all
phages in the fluorescence experiment were associated with

OMVs, we added free LPS to the mixtures 170 min after the
reaction was started. If at this time point a significant amount
of phage particles had remained free in solution, a signal
increase due to DNA release upon phage interactions with
the newly added free LPS receptor should be observed. However,
we did not observe any further signal increase upon LPS
addition (Supplementary Figure S8). This result is in agreement
with the plaque-forming assay where OMV rapidly cleared off
phage particles from the solution. We therefore conclude that
all P22 phage particles in the fluorescent assay were rapidly
and irreversibly associated with OMVs and could no longer
interact with newly added LPS.

In the fluorescence assay, the OMV concentration was
calculated as LPS units determined with the Purpald test to
be able to compare OMV-triggered phage ejection profiles with
those triggered with purified LPS. Comparison of kinetic
constants for DNA ejection triggered either by LPS or OMVs
showed that particle opening velocities with OMVs were
increased about 2-fold relative to LPS (Figure 4). However,
only about 30% of the signal amplitude were reached compared
to phages triggered with a pure LPS sample. Even if we increased
OMYV concentrations 3-fold, we did not observe an increase
in the amount of ejected DNA (Supplementary Figure S8).
This means that only a part of the phage particles have lost
their DNA in the presence of OMVs, in contrast to purified
LPS, in presence of which all particles completely exposed
their DNA to the solution (Andres et al., 2010).

OMVs used in the fluorescence experiments were prepared
from accumulated OMs after French press cell lysis. We cannot
fully exclude the idea that a part of the OMVs obtained by
this method might be inverse, i.e., with the LPS at the inside
and the phospholipid part at the outside. O-antigen-specific
phage P22 would not bind to a vesicle with O-antigen chains
on the inside and not eject its DNA and would thus remain
inert against the inside-out vesicle fraction. OMVs in this study
were quantified via their LPS concentration. We did not find
an increase in DNA ejection when we increased the OMV
concentration from 10 pg ml™" LPS to 30 pg ml™? LPS
(Supplementary Figure S8). This means that at 10 pg ml™
LPS OMV concentration, all phage particles in the system can
interact with the OMVs. If a part of the vesicles were inside
out, we should observe an increase in ejected phages because
with increased OMV concentration, more phage O-antigen
receptors become exposed. Moreover, we enzymatically removed
the O-antigen from the vesicle surface by incubation with
purified P22 tailspike protein prior to exposing them to phage
P22. The resulting O-antigen-depleted vesicles could not trigger
DNA ejection from phage P22 (Supplementary Figure S8).
From these controls, we conclude that the fluorescence signal
observed in our experiments is exclusively related to a phage
interaction with vesicles that expose LPS on the outside.

DNA Ejection in the Presence of
Polyethylene Glycol (PEG)

Protein-free, highly pure LPS preparations that are present as
aggregates free in solution could trigger particle opening in
all P22 phages present in a reaction. However, for P22 DNA
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ejection triggered by OMVs, only about 30% of DNA signal
was obtained. Moreover, this signal was not accessible to DNase
I. These findings imply two scenarios for P22 DNA ejection
in the presence of OMYV, either (i) 30% of the particles have
completely ejected their DNA, whereas for the remaining fraction
no DNA release occurs, or (ii) all particles have released their
DNA, but only to about 30%. To distinguish between these
two situations, we analyzed DNA release from phage P22 in
the presence of increasing PEG concentrations. It has been
shown previously for siphovirus A that DNA ejection is driven
by the intra-capsid osmotic pressure and that at increasing
osmotic pressures, less DNA could leave the A capsids (Evilevitch
et al,, 2003, 2005). Also for P22, it was shown that at increasing
osmotic pressures and when triggered with LPS and OM
proteins, part of its DNA remained in the phage capsid and
was protected from DNase cleavage (Jin et al, 2015).

We therefore analyzed the DNA fluorescence increase in
the presence of different concentrations of PEG 8000, when
P22 was mixed with OMVs (Figure 5A). At 15% (3.58 atm)
PEG, we obtained about 40% of the initial signal. This shows
that an external osmotic pressure could effectively reduce DNA
ejection from vesicle-associated phages. However, earlier work
showed that, at this osmotic pressure (3.58 atm), still around
70% of the P22 DNA could leave the capsid when triggered
with LPS or a mixture of LPS and the outer membrane protein
OmpA (Jin et al.,, 2015). Hence, P22 triggered by OMVs ejected
less DNA at increased external osmotic pressures, illustrating
that OMVs represent an OM receptor system different from
pure LPS or OM protein-LPS mixtures. Furthermore, the
notable effect also of lower PEG concentrations on DNA release
confirms that only about 30% of the P22 particles are actively
ejecting their DNA in the presence of OMVs. At 5% PEG
(0.46 atm), we already observed a signal decrease to 70%
(Supplementary Figure S10). If all particles in the system
were actively releasing only a part of their DNA, these low

osmotic pressures would not elicit a pronounced effect on
ejection because the initial release of only a small fraction of
DNA is also possible against elevated osmotic pressures.

It was shown for other systems that at higher PEG
concentrations, the DNA ejection can be completely stopped
(Evilevitch et al, 2003; Jin et al., 2015). However, in our
fluorescence setup, we could not further increase PEG
concentrations, as this resulted in high signal-to-noise ratio
and large standard deviations. This was probably due to vesicle
solubility hampered by PEG or slow equilibration of the mixtures
in the viscous solution. At an osmotic pressure of 6.77 atm
(20% PEG), we can thus only estimate that P22 was able to
still release about 20% of its DNA. Moreover, and as described
above, also in the presence of PEG, it was not possible to
notably reduce the DNA signal by the addition of DNase. Again,
we assume that the DNA was injected into the vesicle lumen,
impeding quantification of DNA that had remained in the phage
capsid at the given PEG concentration by DNA accessibility.

As DNA protection from DNase inside the P22 capsid upon
ejection against increasing osmotic pressures had only been
accessed on agarose gels before (Jin et al., 2015), we also analyzed
purely LPS-triggered DNA release in the presence of PEG with
time-resolved Yo-Pro fluorescence (Figure 5). Interestingly,
we found that much lower osmotic pressures could completely
halt DNA ejection from phage P22 than it was reported in the
previous work. Already at 15% PEG (3.58 atm), nearly no free
DNA was detectable in the solution and was protected from
DNase cleavage, indicating that DNA release from phage P22
had come to a nearly complete stop. We assume that this different
result might be due to our different LPS preparation method
that ensured the complete absence of even minute contaminations
of other OM components like proteins or phospholipids.

In summary, our results confirmed that irrespectively of
the triggering system, either OMVs or LPS, particle opening
and DNA egress from P22 are driven by osmotic pressure
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inside the capsid. Moreover, whereas with LPS, 100% of the
phages can eject, with OMV, an inert fraction of about 70%
remains, which is unable to liberate its DNA.

DISCUSSION

Host infection of O-antigen-specific bacteriophages is initiated
by the binding of phage particles to LPS. Degradation or
deacetylation of the polysaccharide anchors the phage irreversibly
to the cell surface, presumably in a defined distance to ensure
proper spatial positioning for building a membrane-spanning
infection apparatus (Andres et al., 2010; Broeker and Barbirz,
2017; Prokhorov et al., 2017; Wang et al., 2019). It is characteristic
for O-antigen-specific phages that in vitro preparations of LPS
render them non-infectious because they elicit particle opening
and DNA release (Andres et al., 2012; Broeker et al., 2018,
2019). In contrast, neither O-polysaccharide alone nor lipid
A or rough-type LPS with short O-antigen chains is sufficient
to trigger particle opening. Apparently, the membrane-like
character of LPS preparations that form multilamellar aggregates
in solution is a prerequisite to trigger irreversible rearrangements
in the phage tail apparatus, ultimately leading to DNA ejection
(Richter et al, 2011). However, to also release P22’s ejection
proteins, the presence of OM proteins is necessary, illustrating
that LPS-triggered DNA release only covers a subset of the
initial phage infection steps (Parent et al., 2014). In this work,
we have investigated the interactions of the O-antigen-specific
bacteriophage P22 with OMVs that present LPS and other
OM components in a defined way to the phage.

OMV Composition and Structure Is Highly
Dependent on the Formation Process

OMVs are small vesicles with the same membrane organization
as found in the Gram-negative OM, i.e., an inner leaflet of
phospholipids and an outer LPS layer (Whitfield and Trent,
2014). OMVs thus resemble the OM to a much higher extent
as compared to pure LPS aggregates. From this, it naturally
follows that vesicles can be active in controlling bacteriophages
in a bacterial population, and although these interactions have
been unambiguously observed before with electron microscopy,
they have so far only been addressed by a few studies (Manning
and Kuehn, 2011; Biller et al., 2014; Parent et al., 2014; Reyes-
Robles et al., 2018). One major drawback is the difficulty to
obtain enough OMV material from culture supernatants (Thein
et al., 2010). We therefore used OM fractions where the vesicles
were formed during cell lysis. As a matter of fact, OMV
composition, especially with respect to the protein content, is
highly dependent on the conditions under which the vesicles
are formed. During a natural budding event, bacterial cells
control the OMV protein load, for example in response to
nutrient availability in the medium or to distribute antibiotic
resistance factors like B-lactamases (Bai et al., 2014; Kim et al.,
2018). Moreover, the size of budded vesicles is dictated by
the strain of origin, formation mechanism, and LPS and protein
composition (Deatherage et al.,, 2009; Kulp and Kuehn, 2010;
Schwechheimer and Kuehn, 2015; Toyofuku et al., 2019).

We have used different techniques to obtain vesicles from
OM preparations. Here, the formation of vesicles from the
enriched OM is driven by hydrophobic effects and leaflet
asymmetry (Park et al., 2015; Rozycki and Lipowsky, 2015).
We found that DNasel and lysozyme treatment were important
prerequisites to obtain OMVs with size and shape similar to
naturally budded OMVs. This emphasizes that inefficient
separation of IMs and OMs most probably resulted in
contamination with IM components. In the accumulated OM
fraction this hence changed membrane thickness and resulted
in large and irregular vesicle size. Moreover, the separation
method, i.e., either sucrose gradient or detergent treatment,
can influence the extent of residual IM contaminations in OMVs,
as well as the protein content (Thein et al., 2010). Accordingly,
we observed differences in the protein pattern in OMVs prepared
via sucrose gradient or with detergent, although the total protein
content was approximately the same. All quantitative
bacteriophage-OMV interaction fluorescence analyses in this
work were thus carried out with OMVs prepared by a single
technique, i.e., the sucrose gradient method. We are aware that
OMV:s obtained from different preparation methods might show
different results. Even more, to further address OMV function
in bacterial control of bacteriophage populations, naturally
budded vesicles should be tested, for which large-scale preparations
have also been reported (Hsia et al., 2016). Nevertheless, we claim
that our reductionist in vitro system can add insight into
bacteriophage interactions with their O-antigen receptors when
part of a more complex membrane system as present in OMVss.

Bacteriophage P22 OMV Interactions
Clearly Differ From Interactions With
Isolated LPS Receptors

OMVs produced from bacteriophage P22’s S. Typhimurium
host act as a decoy for phage particles. Like free LPS aggregates,
incubation with OMV preparations rapidly reduced the number
of infective particles in the solution. Phages that are in contact
with OMVs in the majority were not primed for genome
transfer. Rather, they were inactivated, mostly by simply binding
and blocking the phage on the OMV by a so far unknown
mechanism and, to a smaller extent, by genome loss as shown
in this and other studies. Differences in the decrease of infective
particle numbers were found with OMVs from different
preparations. In particular, the naturally budded OMV’s isolated
from culture supernatants reduced infective P22 particle numbers
to a lesser extent compared to OMVs prepared from OM
fractions. It is important to note here that in the experiment,
all OMV samples were adjusted to the same LPS content.
However, lacking proteome characterization of budded OMVs,
we can only speculate whether they contained a different OM
protein decoration that interfered with LPS receptor accessibility
or influenced the membrane curvature. Moreover, additional
periplasmic proteins inside the OMVs could have slowed down
P22 inactivation, for example, by increasing the osmotic pressure
in the vesicle lumen. Also, if these OMVs presented less LPS
on their surface, TSP cleavage of the O-antigen receptor might
compete with irreversible phage attachment (Broeker et al., 2019)
and prevent phage inactivation. During P22 isolation, OMVs
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were not pulled down together with the phage, in contrast to
podovirus Sf6 that co-purified with OMVs through interactions
with OmpA and OmpC (Parent et al., 2014).

In vitro fluorescence analyses have been used regularly to
monitor DNA ejection from phages triggered with their isolated
receptors, either OM proteins or LPS, in bulk or on a single
particle level (Mangenot et al., 2005; Andres et al.,, 2010, 2012;
Chiaruttini et al.,, 2010; Gonzalez-Garcia et al., 2015; Broeker
et al,, 2019). In these experimental setups, a DNA-specific dye
fluorescence increase is observed due to DNA release from a
capsid-confined state into a more relaxed state in the solution.
For P22 it was shown that particles open and eject about 80%
of their DNA content when triggered with LPS (Andres et al.,
2010). The kinetic profile of this process is conserved in other
podovirus systems analyzed with the same method, but different
LPS receptors (Broeker et al., 2018). This reflects that the
rate-limiting particle opening step most probably involves
rearrangements in conserved parts of the podovirus tail assembly.

In this work, we have now used OMVs to trigger in vitro
particle opening of bacteriophage P22 and could monitor time-
resolved DNA release with a DNA-sensitive fluorescence stain.
This is in contrast to cryo-EM analyses that compared end
points of ejection by quantifying phages that had lost their
DNA (Reyes-Robles et al., 2018). Phage-released DNA in the
presence of OM Vs was fully protected from DNase degradation,
in contrast to the DNA released with pure LPS in solution.
This indicates that OMVs and the phage were intimately linked
in a stable complex where DNA ejection was exclusively targeted
to the vesicle lumen. Similarly, EM images of bacteriophage-
bound OMVs of the marine cyanobacterium Prochlorococcus
suggested that DNA transfer into the vesicle lumen had taken
place, as the tail of the myovirus was contracted and the
capsid was empty (Biller et al., 2014). Our fluorescence bulk
kinetic study typically monitored approximately 10° P22 particles,
of which only about 30% ejected their DNA upon contact
with OMVs. Also for other phages, cryo-EM imaging and
quantification showed that a majority of particles had retained
their DNA inside the capsid when bound to OMVs, for example,
Vibrio cholerae phages in up to 90% of all particles imaged
(Reyes-Robles et al., 2018). This fraction is similar to what
was found with cryo-EM for OMV-bound Shigella podovirus
Sf6 (Parent et al., 2014). So far, we have failed with attempts
to physically separate the OMV-phage P22 complexes to
individually analyze the vesicles DNA content after phage
contact. Similar problems had also been reported before for
OMVs binding to bacteriophage T4 (Manning and Kuehn,
2011). Apparently, it is difficult to find solubilization conditions
that either address the OMV or the phage without affecting
the integrity of the other. Moreover, irreversible phage attachment
to OMVs might already destabilize the phage even if it has
not released its DNA.

Our experiments furthermore showed that, compared to
using pure LPS as receptor for triggering DNA release from
phage P22, the fluorescence signal obtained with OMYV receptors
went into saturation twice as fast. In OMVs, P22 now encountered
a more complex membrane system compared to LPS. LPS has
a unique solution behavior, forming multilamellar aggregates

that presumably mimic membrane-like structures addressed
by the phage in vitro, but do not represent all characteristics
of the OM heterobilayer (Andres et al., 2010; Richter et al,
2011). In OMVs in contrast, OM proteins are present that
might in a so far unknown way accelerate the phage particle
opening step and the subsequent DNA release. This becomes
evident especially when analyzing P22 at elevated osmotic
pressures. In this work, we showed that DNA release triggered
by highly pure LPS lacking OM proteins already ceased at
external osmotic pressures of about 3.6 atm. However, it has
been shown earlier that in the presence of OM proteins at
this osmotic pressure, P22 still released a fraction of its DNA
(Jin et al.,, 2015). Moreover, OM proteins enabled the release
of P22’s ejection proteins, in contrast to LPS alone. Our actual
DNA ejection studies are in line with these findings. P22 in
the presence of OMVs at 6.8 atm osmotic pressure still showed
partial DNA loss, emphasizing that progression of DNA release
from the phage particle is intimately coupled to the receptor
type. For P22, it was shown that this can be pure LPS aggregates,
a combination of LPS and OM proteins or OMVs. We note
that in comparison of the present study with the one cited
above (Parent et al., 2014), the latter showed no difference in
fractional DNA release between samples triggered with LPS
alone or with a mixture of OmpA and LPS. As a reason for
this ambiguity, we assume that different LPS preparation protocols
may have resulted in incomplete OM protein removal. In
summary, the new results emphasize the critical role of OM
composition for phage control. Bacteria might exploit this by
adjusting their OMV contents in response to phage attack.
Our in vitro experiments again illustrate that all energy
needed for DNA release from bacteriophages is already stored
in the system (Keller et al., 2017). The phage genome is highly
confined inside the capsid, packaged against the DNA
intramolecular  electrostatic ~ repulsion forces by an
ATP-hydrolysis-driven motor (Smith et al., 2001). Accordingly,
increasing external osmotic pressures can counteract genome
liberation (Evilevitch et al., 2003). For siphovirus A with a
long, non-contractile tail, an internal capsid pressure of about
20 atm was estimated that was dependent on the relationship
of genome length and capsid size (Grayson et al., 2006).
However, external factors were shown to significantly influence
the genome ejection characteristics of A, illustrating the complex
behavior of the DNA polyelectrolyte both inside the capsid
and when transferred into the solution (Evilevitch, 2018). Also,
the osmotic status of OMVs interacting with phage P22 might
play a role in the observed DNA release process. If OMVs
had a significant turgor, for example, due to their luminal
protein content, the amount of DNA release from P22 would
be insensitive to low osmotic pressures in the surrounding
solution. However, also with OMVs, we observed that the
amount of ejected DNA decreased with increasing PEG solution
concentrations. This indicates (i) that presumably no osmotic
pressure existed in the OMVs and (ii) that ejecting P22 particles
could transfer substantial amounts of DNA inside the vesicles.
As already discussed above, we could not directly quantify
how much DNA remained inside the phage capsid and how
much was translocated into the vesicle lumen. Nevertheless,
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the notable effect of low PEG concentrations on the ejection
signal shows that more than 30% of the DNA must have left
the capsid on the level of an individually ejecting phage, in
agreement with cryo-EM studies with other phage systems
(Parent et al, 2014; Reyes-Robles et al, 2018). Hence, the
reduced signal amplitude observed in fluorescence curves
obtained with OMVs is due to a reduced number of particles
actively ejecting when compared to particles triggered with
free LPS. In the future, this bulk study-derived hypothesis
needs further evaluation to understand molecular details of
OMV-mediated bacteriophage inhibition.

CONCLUSION

Bacteriophage P22 in vitro particle opening studies with OMVs
revealed that the action of the LPS receptor on the phage is
modulated when LPS is part of a more complex OM system.
Although OMVs could also effectively reduce the number of
infective particles, inactivation was not driven by DNA release
from all particles as observed with pure LPS fragments. Rather,
a remarkable amount of phages did not eject their DNA. The
mechanism of this OMV-driven bacteriophage inactivation
remains to be elucidated and may be steered by different OMV
properties. For example, vesicular curvature and protein
decoration result in enhanced membrane tension and variable
membrane thickness, respectively (Wu et al., 2014; Huang et al.,
2017). Also, the presence of OM proteins as co-receptors
influences the phage interactions (Parent et al., 2014). Moreover,
multiple binding of P22 phages on small vesicles may induce
mutual obstruction between the phages, prohibiting the DNA
ejection. Importantly, we found that a preparation of naturally
budded vesicles showed a much smaller capacity to inhibit
the phage compared to the fraction obtained during mechanical
cell lysis. This emphasizes that vesicle composition is a major
control point for their function as phage blocking agents. From
a more general point of view, if bacteria shed OMVs to block
a phage population, they might employ a mechanism to inhibit
substantial DNA liberation into the OMVs. As OMVs may
also act in gene transfer, bacteria thus avoid another route
with which phage genes could enter the bacterial cell. Further
analyses will elucidate how the biochemical composition and
properties of OMVs are linked to bacteriophage population
regulation in a given functional context.
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