MIT
Libraries | D>pace@MIT

MIT Open Access Articles

Bacterial Vesicles in Marine Ecosystems

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Biller, S. J., F. Schubotz, S. E. Roggensack, A. W. Thompson, R. E. Summons, and S. W.
Chisholm. “Bacterial Vesicles in Marine Ecosystems.” Science 343, no. 6167 (January 9, 2014):
183-186.

As Published: http://dx.doi.org/10.1126/science.1243457
Publisher: American Association for the Advancement of Science (AAAS)
Persistent URL: http://hdl.handle.net/1721.1/84545

Version: Author’s final manuscript: final author’'s manuscript post peer review, without
publisher’s formatting or copy editing

Terms of Use: Article is made available in accordance with the publisher’s policy and may be
subject to US copyright law. Please refer to the publisher's site for terms of use.

I I I .
I I Massachusetts Institute of Technology


https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/84545

Title: Bacterial vesicles in marine ecosystems

Authors: Steven J. Billerl*, Florence Schubotzz, Sara E. Roggensackl, Anne W. Thompsonl,
Roger E. Summons?, Sallie W. Chisholm'>*

Affiliations:

'Department of Civil and Environmental Engineering, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA.

*Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA.

*Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.

*Correspondence: E-mail chisholm@mit.edu or sbiller@mit.edu

One Sentence Summary:
The marine cyanobacterium Prochlorococcus releases lipid vesicles containing DNA, RNA, and

proteins, and vesicles are abundant in ocean ecosystems.



Abstract:

Many heterotrophic bacteria are known to release extracellular vesicles, facilitating interactions
between cells and their environment from a distance. Vesicle production has not been described
in photoautotrophs, however, and the prevalence and characteristics of vesicles in natural
ecosystems is unknown. Here we report that cultures of Prochlorococcus, a numerically
dominant marine cyanobacterium, continuously release lipid vesicles containing proteins, DNA,
and RNA. We also show that vesicles carrying DNA from diverse bacteria are abundant in
coastal and open ocean seawater samples. Prochlorococcus vesicles can support the growth of
heterotrophic bacterial cultures, implicating these structures in marine carbon flux. The ability of
vesicles to deliver diverse compounds in discrete packages adds another layer of complexity to

the flow of information, energy, and biomolecules in marine microbial communities.

Main Text:

Cells from all domains of life produce membrane vesicles (/). In Gram-negative bacteria,
spherical extracellular vesicles (between ~50 — 250 nm in diameter) are thought to be formed
when regions of the outer membrane ‘pinch off” from the cell, carrying with them an assortment
of proteins and other molecules (2, 3). Vesicle release occurs during the normal growth of many
species, and while growth conditions, stressors, and membrane structure can influence the
number of vesicles produced (4), the regulation of vesicle production is still unclear (2). These
structures have been shown to contribute to diverse processes in model bacteria, including
virulence (3, 6), quorum signaling (7), biofilm formation (&), redox reactions (9), cellular defense

(10, 11), and horizontal gene transfer (/2, 13). Despite the numerous ways in which vesicles may



impact microbial communities, their abundance and functions in marine and other ecosystems

remain unknown.

While examining scanning electron micrographs of an axenic culture of the marine
cyanobacterium Prochlorococcus, we noticed the presence of numerous small spherical
structures near the cell surface (Fig. 1A). This strain has no prophage or gene transfer agents in
its genome, thus we suspected the spheres to be membrane vesicles. Because Prochlorococcus is
the numerically dominant marine phytoplankter — with a global population of ~10% cells (14)
accounting for 30 - 60% of the chlorophyll a in oligotrophic regions (/5) — Prochlorococcus-
derived vesicles could have a significant influence on the function of marine microbial systems.
To study the phenomenon of vesicle release, we first isolated the < 0.2 um fraction from a
Prochlorococcus culture and visualized these structures by transmission electron microscopy
(TEM) (16). Negative stain and thin section micrographs (Fig. 1B-C) of samples from
exponentially growing cultures of healthy, intact cells (fig. S1) confirmed the presence of ~70 -
100 nm diameter membrane-bound vesicles (Fig. 1D). Their presence was independently
observed using nanoparticle tracking analysis of unperturbed cultures, which showed that the
particle size distributions were as would be predicted for Prochlorococcus cells and vesicles
(Fig. 1E). Vesicles were produced under both constant light and diel light/dark cycling
conditions, and were found in cultures of all six axenic Prochlorococcus strains available
(representing both high-light and low-light adapted ecotype groups; Table S1). A Synechococcus
strain (WH8102) also produced vesicles (fig. S2), demonstrating that vesicle release is a feature

of the two most numerically abundant primary producers in the oligotrophic oceans.



Since membrane vesicles were the dominant small particle between 50 - 250 nm in our cultures
as seen by TEM, we used the concentration of all particles in this size range, determined using
nanoparticle tracking analysis, as a measure of vesicle concentration. Vesicles were at least as
abundant as Prochlorococcus cells in growing cultures, and in some strains they could be 10-fold
more numerous than cells during exponential and/or stationary phase (Fig. 1F, S3). Vesicles
appear to be produced continually during exponential growth, consistent with observations in
other bacteria (/7), and by our estimates the rate of vesicle production varied from
approximately two to five vesicles cell”! generation™ among three different Prochlorococcus
strains (Table S1; supplementary online text). Vesicles are stable under laboratory conditions, as
their size and concentration remained essentially unchanged over the course of two weeks in
sterile seawater at 21 °C (fig. S4). While many factors could influence vesicle production by
Prochlorococcus in the wild, production estimates based on these initial data yield global release

rates on the order of 10*” — 10”® per day (supplementary online text).

To explore the potential roles of vesicles from marine cyanobacteria, we analyzed the content of
Prochlorococcus vesicles. As one might expect for membrane-bound vesicles, they contained
both lipopolysaccharides, a common component of the Gram-negative outer membrane, and a
number of typical cyanobacterial lipids (/8). The most abundant lipid species in the vesicles
were monoglycosyldiacylglycerol, sulfoquinovosyldiacylglycerol and some unidentified
glycolipids (fig. S5A). The lipid fatty acids from vesicles of Prochlorococcus MED4 were
dominated by saturated Cj4.9, Cj6:0 and Cjs. species, suggesting that these vesicles’ membranes

are relatively rigid (fig. S5B).



We examined the proteome associated with vesicles produced by two ecologically distinct
Prochlorococcus strains (the high-light adapted MED4 and low-light adapted MIT9313), and
found these vesicles to contain a diverse set of proteins including nutrient transporters, proteases,
porins, hydrolases, and many proteins of unknown function (Table S2, S3). While it is presently
unclear whether these enzymes are bioactive, vesicles released by other bacteria can contain
active enzymes (2), and proteins enclosed within related liposomal structures are known to be
protected from degradation by marine bacteria (/9). Bacterial membrane vesicle release may
account, in part, for the relative abundance of membrane proteins among all dissolved proteins in

seawater (20).

Prochlorococcus MED4 vesicles also contained DNA (fig S6A). To be certain that the detected
DNA was associated with vesicles, purified vesicles were treated with DNase prior to lysis and
DNA purification. DNA fragments associated with vesicles were heterogeneous in size, with
some measuring at least 3 kbp (fig. S7) - enough to encode multiple genes. We amplified and
sequenced DNA from ~10'"' MED4 vesicles and found that it encoded broadly distributed
regions of the MED4 genome, representing over 50% of the entire chromosomal sequence (Fig.
2; Table S4). We noted a reproducible overabundance of reads from a region of the chromosome
roughly centered on the terminus region, suggesting a possible link to the cell cycle; however,
the mechanisms through which these DNA fragments are generated and packaged into vesicles
remain unclear. The vesicles also contained RNA (fig. S6B), and sequences from 95% of open
reading frames in the genome were recovered (fig. S8). Membrane vesicles have been shown to
facilitate horizontal gene transfer among a number of bacteria including Escherichia coli (12)

and Acinetobacter (13). Given the abundance of Prochlorococcus in the oceans, our finding that



it releases DNA within vesicles could have important implications for mechanisms of horizontal

gene transfer in marine ecosystems.

To explore the prevalence of vesicles in the oceans, we examined surface samples from both
nutrient-rich coastal seawater (Vineyard Sound, MA) and from the oligotrophic Sargasso Sea (at
the Bermuda Atlantic Time-series (BATS) station). Using density gradient purification to
separate vesicles from other small particles in seawater, we isolated numerous structures from
both sites with a similar morphology and size distribution as the vesicles found in
Prochlorococcus cultures (Fig. 3A-B, S9A). Although some particles resembling filamentous
phage co-purified with the vesicles (thin white lines in Fig. 3B), we observed negligible numbers
of apparent tailed or tailless phage, gene transfer agents (GTAs), virus-like particles (27), or
inorganic colloids in our enriched fraction. Examination of the putative vesicles by thin section
electron microscopy showed numerous examples of circular, membrane-bound features lacking
internal structure or electron density (Fig. 3C), consistent with vesicle morphology and not that
of bacteria. These samples contained protein as well as diverse lipid species, also consistent with
membrane vesicles (fig. S10; supplementary online text). While it is possible that some of these
structures could have been formed by other mechanisms, the combination of culture and field

data support the interpretation that these are membrane vesicles.

Vesicle abundances in the coastal surface water and Sargasso Sea samples were ~6x10°mL™" and
3x10° mL™ respectively (Fig. 3D) — similar to the concentrations of bacteria at these sites. We
analyzed a depth profile in the Sargasso Sea, and vesicles were observed both within and below

the euphotic zone, declining with depth down to 500m (Fig. 3D, S9B-D). The steady-state



concentration of vesicles in the ocean is a function of rates of production, consumption, decay,
and perhaps association with other ocean features such as marine microgels. While we do not yet
know enough about these processes to interpret the mechanisms that result in this distribution
within the water column, the concordance between vesicle and bacterial abundance is consistent

with the argument that the vesicles are of microbial origin.

It has been suggested that total Prochlorococcus-derived dissolved organic carbon (DOC) could
support a significant fraction of total bacterial production in oligotrophic regions (22). The
release of vesicles by Prochlorococcus, with their diverse contents, implicates their secretion as
a mechanism for production of some of this DOC. Given the data in hand, the lower bound of
global Prochlorococcus vesicle production would represent roughly 10* — 10° tonnes of fixed C
exported into the oceans per day (supplementary online text). Lipids comprise a notable
component of total DOC in seawater (23), which is consistent with the presence of vesicle
material among the high molecular weight fraction (>1000 Da) of DOC. Although bacterial
membrane vesicles have structural similarities to liposomes previously described as a component
of DOC, they differ in two important respects: vesicles are smaller (~50 - 150 nm diameter, vs.
400 - 1500 nm for liposomes (24)) and are not formed from the products of lysed or

incompletely digested bacteria.

These observations implicate vesicle release by Prochlorococcus and other organisms in the flow
of organic carbon in the oceans. To explore whether vesicles could serve as an organic carbon
source for heterotrophs in marine food webs, we examined whether Prochlorococcus vesicles

could support the growth of marine heterotrophic bacteria in culture. We found that marine



isolates of both Alteromonas and Halomonas each grew in seawater media supplemented with
purified Prochlorococcus vesicles as the only added carbon source (Fig. 4A, S11), illustrating
that at least some of the vesicles’ carbon is labile. While vesicles may not constitute a large
fraction of the total organic carbon consumed by heterotrophs in the oceans (each
Prochlorococcus vesicle contains roughly 1/100™ the carbon of an average bacterial cell in the
open ocean; supplementary online text), they are clearly capable of moving fixed carbon from
primary producers into the microbial food web. The presence of proteins and nucleic acids

within vesicles implies that they could function as sources of N and P as well.

It is perhaps surprising that Prochlorococcus, or other microbes growing in the nutrient-poor
oligotrophic oceans, would continually export nutrients in the form of membrane vesicles.
Prochlorococcus, for example, has adaptations that reduce its phosphorus and nitrogen
requirements, including the use of sulfolipids instead of phospholipids (/&) and a proteome with
relatively low nitrogen demand (25). Vesicle release seems inconsistent with the need to make
efficient use of limited resources that presumably underlies these adaptations. What potential
ecological roles, then, might vesicles play within marine microbial communities that could
provide a fitness benefit sufficient to justify their costs? We can only speculate at this point, but

what follows are some possibilities.

The growth of Prochlorococcus is often positively influenced by the presence of heterotrophs
(26, 27), so the release of DOC into the local environment could provide some fitness advantage
by facilitating heterotroph growth. Vesicles might also play a role in defending cells against

infection by phage — viruses that infect bacteria (/0). Phage are abundant in the oceans, and



cyanophage that infect Prochlorococcus can represent a significant fraction of the total viral
population (28). As vesicles contain bacterial outer membrane material, such as the external
protein receptors phage use to identify their host, they represent a class of small particles that
could influence marine phage infection dynamics. To explore this possibility, we mixed purified
Prochlorococcus vesicles with a phage (PHM-2) known to infect the strain from which they
originated and examined the population by electron microscopy. We observed numerous
examples of phage bound to vesicles; in addition, many vesicle-attached phage had a shortened
stalk and altered capsid staining density, suggesting that they had injected their DNA into the
vesicle (Fig. 4B, S12). Thus, the export of vesicles by marine bacteria could reduce the

probability of a cell becoming infected and killed by phage.

The finding that Prochlorococcus releases DNA within membrane vesicles suggests that they
may also serve as a reservoir of genetic information and possible vector for horizontal gene
transfer in marine systems. To characterize the nature of the vesicle-associated DNA pool in
natural seawater, we sequenced the ‘metagenome’ from purified and DNase-treated vesicles
isolated from our two field sites. Based on the unique sequences recovered, these ‘wild’ vesicles
contained a diverse pool of DNA with significant homology to members of 33 phyla from all
three domains, though bacterial sequences were dominant (Table S5). The majority of unique
bacterial sequences were most similar to members of the Proteobacteria, Cyanobacteria, and
Bacteroidetes. Since Prochlorococcus and other bacteria (29) export fragments of their genome
within vesicles, the taxonomic diversity of DNA we observed in the field samples implies that
diverse marine microbes release vesicles. We also identified sequences with homology to tailed

and other marine phage, despite the fact that these were not apparent in the fractions by TEM



(Table S5; supplementary online text). While we cannot completely rule out the presence of
phage in the samples, these sequences could reflect either the export of prophage sequences

within vesicles or DNA arising from phage infection of vesicles in the field.

Although membrane vesicles constitute only a fraction of the >10° small (< 200 nm) colloidal
particles mL™"' observed in seawater (30), that they are known to move diverse compounds
between organisms in other systems (5, 7) suggests that they could serve specific functions in
marine ecosystems. By transporting relatively high local concentrations of compounds, providing
binding sites, or acting as reactive surfaces, vesicles may mediate interactions between
microorganisms and their biotic and abiotic environment that would otherwise be impossible in

the extremely dilute milieu of the oligotrophic oceans.
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Fig. 1. Prochlorococcus releases membrane vesicles. (A) Scanning electron micrograph of
Prochlorococcus strain MIT9313 shows the presence of numerous small spherical features
(vesicles, indicated by arrows) near the cells. Scale bar: 1 um. (B) Purified Prochlorococcus
vesicles as seen by negative stain TEM. Scale bar: 100 nm. (C) Thin section electron
micrographs confirm that Prochlorococcus vesicles are circular, membrane-enclosed features
lacking notable internal structure. Scale bar: 100 nm. (D) Particle size distribution of purified
Prochlorococcus vesicles as determined by nanoparticle tracking analysis. (E) Particle size
analysis of an unperturbed culture confirms the presence of particles of two broad size classes
consistent with whole cells and vesicles. (F) Vesicle production during growth of MIT9313,
comparing number of vesicles (open circles) vs. cells (squares) in the culture. Values represent

mean +/- SD of three biological replicates. Vesicle limit of detection was ~10’ mL™".
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Fig. 2. Prochlorococcus membrane vesicles contain genomic DNA sequences. Distribution of
DNA associated with vesicles from Prochlorococcus MED4 cultures. Sequence reads were
mapped against the MED4 chromosome; mean relative abundance from two replicate samples is
plotted over a 1kb window. In total, 948,424 bp of the 1,657,990 bp chromosome (56%) was
sequenced at least once from the vesicle populations. Dashed vertical line indicates the predicted

chromosome terminus location.
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Fig. 3. Membrane vesicles are abundant in natural seawater samples. Negative stain electron
micrographs of membrane vesicles isolated from surface (A) coastal (Vineyard Sound, MA) and
(B) oligotrophic waters (Sargasso Sea). (C) Thin section electron micrograph of the sample from
(B) shows that these structures are circular, enclosed by a membrane, and lacking internal
structure. Scale bars: 100nm in panels A-C. (D) Concentrations of vesicles (open circles) and
total bacteria (squares; bacterial DAPI count data from BATS) in the upper Sargasso Sea,
December 2012. Vesicle concentrations are based on measurements of purified vesicle samples

and represent lower-bound estimates of in sifu abundance.
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Fig. 4. Potential roles of bacterial vesicles in marine ecosystems. (A) Purified
Prochlorococcus vesicles can support the growth of a heterotrophic marine Alteromonas.
Alteromonas growth patterns are shown in a seawater-based minimal medium supplemented with
media only (control), vesicles (+vesicles), or a defined mixture of organic carbon compounds
(+organic carbon mix) as the only added carbon source. Growth curves represent the mean +/-
SEM of three replicates. The ODgq increase of the ‘+vesicles’ and ‘+organic carbon’ trials both
corresponded with a significant increase in Alteromonas cell concentration (measured by plate
counts) as compared to the control after 48 hours (7 test; p < 0.05). (B) Marine phage-vesicle
interactions. Transmission electron micrograph of cyanophage PHM-2 bound to a vesicle from
Prochlorococcus MED4 (see also fig. S12). The shortened tail indicates that this phage has

‘infected’ the vesicle and is therefore unable to infect a bacterial cell. Scale bar: 100 nm.
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Materials and Methods

Culture conditions

Cyanobacteria were cultured in Pro99 media (37) prepared with 0.2 pm filtered, autoclaved
seawater collected from Vineyard Sound, MA. Cells were grown under constant light flux (30 —
40 pmol Q m? s for axenic strain MED4; 10 — 20 umol Q m? s for axenic strains MIT93 13,
NATL2A and WH8102) at 21 °C, in acid-washed glassware. Media for larger (2 - 20L) cultures
was supplemented with 10 mM (final concentration) filter-sterilized sodium bicarbonate upon
inoculation, and cultures were grown with gentle stirring (60 rpm).

Vesicle purification

Large quantities of vesicles for biochemical analysis or experimentation were collected as
follows (adapted from (32)). 2 - 20 L Prochlorococcus cultures were grown to mid / late
exponential growth phase and gently gravity filtered through a 0.2 um capsule filter (Polycap
150TC; Whatman). The filtrate was then concentrated using a tangential flow filter (Pall
Ultrasette; Omega membrane, 100 kDa cutoff) connected to a Masterflex peristaltic pump (Cole-
Parmer); feed pressure was kept < 10 psi throughout processing. Culture volume was reduced to
~40 mL, recirculated through the filter for 10 minutes to recover material from the membrane,
and then eluted. This concentrated supernatant was gently filtered through a 0.2 um syringe filter
(Pall, Supor membrane) to ensure that no cells remained, and pelleted by ultracentrifugation at
~100,000 xg (Beckman-coulter SW32Ti rotor; 32,000 rpm, 2 hrs, 4 °C).

Vesicles were purified from other material in the cultures using an Optiprep (Iodixanol; Sigma-
Aldrich) density gradient as follows. The vesicle pellet was first resuspended in 0.5 mL of 45%
Optiprep in a buffer containing 3.6% (w/v) NaCl (to maintain seawater salinity) and 10 mM
HEPES, pH 8. This was placed in the bottom of a 4 mL UltraClear ultracentrifuge tube
(Beckman Coulter) and overlaid with equal volumes of 40%, 35%, 30%, 25%, 20%, 15%, 10%
and 0% Optiprep (in the same buffer background). The gradient was centrifuged at 100,000 x g
(32,000 rpm) for 6 hours at 4 °C in a SW60Ti1 rotor (Beckman Coulter), and 0.5 mL fractions
collected. Material in each fraction was recovered by diluting the sample at least 5-fold with
buffer (10 mM HEPES / 3.6% NaCl) and pelleting in an ultracentrifuge (~100,000 x g, 1 hr, 4
°C, SW60Ti rotor). Vesicles typically migrated to Optiprep densities between 1.14 — 1.19 g/mL;
vesicles from Prochlorococcus cultures were typically found in the range of 1.14 — 1.17 g/mL,
and vesicles from field samples were found between 1.15 — 1.19 g/mL. This final pellet was
resuspended in fresh buffer and frozen at -80 °C. Electron microscopy was routinely used to
confirm the contents and purity of vesicle fractions (see below).

Field sampling of vesicle content was conducted as follows. Water was collected into 25 L
carboys (~100 L total coastal surface water from Vineyard Sound, MA: 41° 31.42° N, 70° 40.32’
W, collected in September 2012; ~280 L total from each depth sampled at the Bermuda Atlantic
Time-series station: 31°39.96’ N, 64° 9.84° W, collected in December 2012). Samples were
processed within two hours of collection. This water was slowly pumped through a 0.2 pm
capsule filter (Polycap 150TC; Whatman) and concentrated using a Centramate tangential flow
filter equipped with five 100 kDa Omega filter modules (Pall); the final concentrate was frozen
at -80 °C. This concentrate was later thawed, pelleted as above, and the pelleted material purified



across an Optiprep density gradient (also as above, except the gradient was run for 6 hours at
45,000 rpm and 0.4 mL fractions collected).

Vesicle quantitation

Vesicle concentrations were measured by nanoparticle tracking analysis using a NanoSight
LMI10HS instrument (NanoSight Ltd, UK), equipped with a blue laser module and NTA
software V2.3. Samples were diluted such that the average number of particles per field was
between 20-60, per the manufacturer’s guidelines. Two to three replicate videos were collected
from each sample (by pushing additional sample through the chamber in order to acquire a
different field), and analyzed as technical replicates. The sample chamber was thoroughly
flushed with 18.2 MQ cm™ water (Milli-Q; Millipore) between samples, and visually examined
to ensure that no particles were carried over between samples. All data files for a given
experiment were processed using identical settings (typical setting range: camera shutter 30-
45ms; camera gain 300-400; detection threshold 5-7; auto blur). The vesicle concentration in the
sample was defined based on the measurement of total particles between 50 - 250 nm diameter.

Vesicle concentrations from field samples were estimated based on the total number of particles
in the most vesicle-enriched gradient fraction (as assessed visually by electron microscopy),
normalized to the total amount of water originally concentrated for that sample. Thin filamentous
features of these fractions, visible by electron microscopy, were below the detection limit of the
NanoSight. We note that our field concentration measurements represent minimum estimates, as
we do not consider vesicles present in other gradient fractions besides the maximal one. This
approach was intentionally conservative and designed to minimize the potential impact of
counting any non-vesicle particles in the enriched field samples.

Vesicle stability analysis

Three replicate 40 mL axenic Prochlorococcus MED4 cultures were grown to mid-exponential
phase as described above. Cultures were filter sterilized through a 0.2 pm Supor syringe filter
(Pall) and placed in a 21 °C incubator. 1 mL samples were collected every two days and frozen
at -20 °C. The concentration and mode diameter of the vesicles (again, defined as particles
between 50 - 250 nm diameter) were measured using the NanoSight as described above.

Vesicle production measurements

To measure vesicle concentrations in growing cultures, triplicate 40 mL axenic Prochlorococcus
cultures were grown as described above in Culture conditions. Daily 1mL samples were
collected and fixed for flow cyometry analysis with 0.125% (final concentration) glutaraldehyde
for 10 minutes in the dark; samples were then flash frozen in liquid nitrogen and stored at -80 °C
until they were analyzed. For vesicle samples, 1 mL of culture was gently filtered through a 0.22
pum syringe filter (Pall, Supor membrane) to separate vesicles from the cells; the filtrate was
frozen at -80 °C until analysis. Prochlorococcus concentrations in each sample were measured
using an Influx flow sorter (BD/Cytopeia) and FlowJo software (TreeStar). Vesicle samples were
examined by nanoparticle tracking analysis as described above under Vesicle quantitation.

Electron microscopy
For scanning electron microscopy, 2 mL samples of Prochlorococcus culture were first fixed
with 2% glutaraldehyde in solution for 15 minutes at room temperature in the dark, and then



gently pushed onto a 0.1 um Supor filter (Pall) using a syringe and Swinnex filter holder
(Millipore). Cells on the filter were further fixed in a 2% glutaraldehyde / 3% paraformaldehyde
/ 5% sucrose solution in a sodium cacodylate buffer (pH 7.4) for 1 hour at room temperature.
The filter was washed with 0.1 M phosphate buffer, and then treated with 1% osmium tetroxide
for 1 hour at room temperature. The filter was again washed in 0.1M phosphate, then dehydrated
using an ethanol gradient (50%, 75%, 95%, 100%, 100% ethanol; 15 minutes each). Next, the
cells on filter paper were critical point dried, and sputter coated before imaging on a JEOL
6320FV scanning electron microscope.

For negative stain TEM images, 5 nL of vesicle sample was applied to a freshly charged
Formvar-coated copper grid (Electron Microscopy Sciences) for 5 minutes. The grid was then
briefly washed with | mM EDTA (pH 8), stained with 2% uranyl acetate for 1 minute, and
allowed to dry. Grids were imaged on a JEOL JEM-1200ex II transmission electron microscope
at 60KV with an Advanced Microscopy Techniques (AMT) camera.

For thin section TEM images, the material was fixed in 2.5% gluteraldehyde, 3%
paraformaldehyde with 5% sucrose in 0.1M sodium cacodylate buffer (pH 7.4) for one hour at
room temperature. The samples were pelleted and post fixed in 1% OsOj4 in veronal-acetate
buffer. The pellet was stained in block overnight with 0.5% uranyl acetate in veronal-acetate
buffer (pH 6.0), then dehydrated and embedded in Embed-812 resin. Ultra-thin sections were cut
on a Reichert Ultracut E microtome with a Diatome diamond knife, and stained with uranyl
acetate and lead citrate. The sections were examined using a FEI Tecnai spirit at 80KV and
photographed with an AMT camera.

Lipid characterization

10 L cultures of axenic Prochlorococcus strain MED4 or MIT9313 were grown as described
above to late exponential phase. 50 mL samples were collected into cleaned and fired glass tubes
for whole cell analysis. Vesicles were isolated by TFF and gradient purified as described above
and washed twice in 10 mM HEPES pH 8 / 3.6% NacCl buffer. Contents and purity of the
fractions were verified by TEM.

Lipids were extracted with a modified Bligh and Dyer protocol (after (33)) and analyzed by
high-performance liquid chromatography-mass spectrometry (HPLC-MS) following methods
previously established (34). Here, glyco- and phospholipids were separated on a Waters Acquity
UPLC BEH Amide column (125 mm x 2mm, 5pum) with a linear solvent gradient on a Agilent
1200 series HPLC system coupled to an Agilent 6520 accurate-mass quadrupole time-of-flight
MS with an electrospray ionization interface (ESI). Quantification of glyco- and phospholipids
was accomplished by comparison of peak area counts. Response factor were accounted for by
verification of relative peak areas of known amounts of authentic standards (Avanti Polar Lipids,
USA; Lipid Products Redhill, UK). An aliquot of the total lipid extract was acid hydrolyzed to
produce fatty acid methyl esters (FAMESs) by treatment with methanolic HCI1 at 100°C (3 h).
FAMEs were identified and quantified with a Varian CP-Sil-5 fused silica capillary column (60
m x 0.32 mm, 0.25 um) using an Agilent 7890 gas chromatograph coupled to an Agilent 5975C
mass-selective detector.



Endotoxin measurements

The presence of Lipid A (endotoxin) in purified vesicle samples was determined using the LAL
Chromogenic endotoxin quantitation kit (Pierce) following the manufacturer’s instructions.
Vesicle samples were positive for endotoxin, with signal significantly (>6-fold) above buffer
background measurements.

Measuring vesicle protein content

Protein content of vesicle samples was determined using the Micro BCA Protein Assay Kit
(Pierce), following the manufacturer’s directions for the microplate assay. Vesicle samples were
washed and resuspended in 1X PBS for this measurement.

Vesicle proteomics analysis

Vesicles were isolated from 20L axenic Prochlorococcus cultures and gradient purified as
described above, then washed three times in 1X PBS. The sample was mixed with SDS-PAGE
sample buffer (60mM Tris-HCI pH 6.8, 8% glycerol, 1% SDS, 1% 2-Mercaptoethanol and
0.005% bromophenol blue) and incubated at 95 °C for 5 minutes. Proteins were run out on an
AnykD SDS-PAGE gel (Bio-Rad), which was stained with the Bio-Rad Silver Stain Plus kit
following the manufacturer’s instruction. Mass spectrometry analysis was carried out at the MIT
Koch Institute Swanson Biotechnology Center proteomics core. Briefly, gel slices from the entire
band were removed from the gel, destained, reduced with dithiothreitol, alkylated with
iodacetamide and digested with trypsin. LC-MS analysis of the digested peptides was carried out
on a LTQ mass spectrometer (Thermo Fisher), and searched against protein databases with
Mascot (Matrix Science). Identification probability was assigned by Mascot; we required each
identified protein to have at least one exclusive unique peptide and a protein identification
probability >97%. The subcellular localization for each protein is based on predictions from
PSORTD (35).

Vesicle-associated DNA purification and sequencing

Gradient-purified vesicle fractions (from both culture and field samples) were pelleted by
ultracentrifugation (100,000 xg, 1 hr, 4 °C, SW60Ti rotor) and washed three times in sterile 1X
PBS; the final pellet was resuspended in 100 pL. PBS. To eliminate any DNA remaining in the
sample outside of the vesicles, samples were first treated with 2U of TURBO DNase (Invitrogen)
according to the manufacturer’s instructions in a 50 pL final reaction volume and incubated for
30 minutes at 37 °C. Following this, an additional 2U of TURBO DNase enzyme was added and
incubated as before. DNase was inactivated at 75 °C for 15 min. Genomic DNA controls were
used to confirm the effectiveness of the DNase treatment.

To lyse the vesicles, samples were incubated in GES lysis buffer (36) (50 mM guanidinium
thiocyanate, | mM EDTA, and 0.005% (w/v) sarkosyl; final concentration) at 37 °C for 30
minutes. DNA was purified using DNA Clean & Concentrator-5 columns (Zymo Research) per
the manufacturer’s instructions, using a 5:1 ratio of DNA binding buffer, and eluted in ultrapure
water. DNA content of samples was measured by the Quant-iT PicoGreen dsDNA assay
(Invitrogen) or by an Agilent Bioanalyzer High Sensitivity DNA assay, per the manufacturer’s
directions.

RNA was isolated as above, except the DNase treatment was carried out after lysis, not before.
RNA was purified from the sample using RNAClean XP beads (Beckman-Coulter) following the



manufacturer’s protocols. RNA content was measured using Quant-iT RiboGreen assay
(Invitrogen), per the manufacturer’s directions. RNA sequencing libraries were constructed as in
(37); one library was constructed without any rRNA depletion steps and sequenced on an
[llumina MiSeq (150+150nt paired reads), and the other used a duplex-specific nuclease
approach to remove rRNA and achieve a higher sequencing depth (37), and was sequenced on an
[llumina HiSeq (40+40nt paired reads).

To obtain sufficient DNA for sequencing library construction, samples of purified vesicle DNA
were amplified by multiple displacement amplification (MDA) using the RepliPHI Phi29
polymerase (Epicentre) in 20 pL reactions following the manufacturer’s protocols with the
following modifications: all plasticware, water and buffers were thoroughly UV treated in a
Stratalinker (Stratagene), as was the final reaction master mix (1hr) (38). 0.2x (final
concentration) SYBR Green I (Invitrogen) was added to the master mix following UV treatment.
The reaction was incubated at 30 °C for 10 hours in a LightCycler (Roche), monitoring the
SYBR signal to confirm whether reactions worked. For each sample, three independent
amplification reactions were pooled to minimize some sources of amplification bias, and purified
using the Qiagen QiaAmp DNA mini kit (following the supplementary protocol for “Purification
of REPLI-g amplified DNA”). Sequencing libraries were constructed from this MDA-amplified
sample as previously described (39), except we used a double SPRI bead ratio of 0.65/0.15 to
purify fragments with an average size of ~340 bp (range: 200-600 bp). DNA libraries were
sequenced on an [llumina MiSeq, yielding either 150+150nt or 250+250nt paired reads, at the
MIT BioMicro Center.

Sequence analysis

Low quality sequence regions were removed from the raw [llumina data using quality trim
(from the CLC Assembly Cell package, CLC bio) with default settings. Alignment of vesicle
DNA sequences from cultured Prochlorococcus samples to the appropriate reference genome
was done with the Burrows-Wheeler Aligner (40), and resultant alignment files parsed with aid
of the samtools package (47). An ORF was considered to be present in the RNAseq data if there
were at least 10 reads that mapped within the gene boundaries.

To examine the content of vesicle DNA from field samples, MiSeq reads were overlapped using
the SHE-RA algorithm (42), keeping any reads with an overlap score > 0.5; reads that did not
successfully overlap were included as well. Reads were searched against the NCBI nr protein
database (March 15, 2013 release) using UBLAST (43) with the following parameters: “-evalue
1-e9 -weak evalue 0.001 -maxhits 1 -blastéout”. Hits having an e-value > le-4 or a bitscore < 50
were removed, and only the top hit was retained.

From the coastal sample, 344,420 sequences out of 2,417,029 original paired sequence reads
(14.2%) had significant homology to a sequence in the nr database at this threshold; 80,487 out
of 1,632,832 (4.9%) original paired reads from the open ocean vesicle library had significant
homology. NCBI taxonomy classification from the top nr hit was used to assign a putative origin
for each unique sequence. Because the vesicle DNA used for library construction was MDA
amplified and thus subject to great amplification bias, especially toward overamplifying ssDNA
viruses (44), we report on the number of unique sequences in the nr database matched by library



reads. This metric provides a qualitative description of the diversity present in the samples, and
we do not draw any detailed quantitative conclusions about relative abundance from these data.

Heterotroph growth assays

The heterotroph strains tested were previously isolated from cultures of Prochlorococcus strain
MED4 and MIT9313 (S. Bertilsson, unpublished) and are available upon request. Heterotrophs
were grown at room temperature in a medium made from 0.2 pm filtered and autoclaved
seawater, supplemented with 800 uM NH4Cl, 50 uM NaH,PO,, 1X Pro99 trace metal mix, 1x
Va vitamin mix, and 0.05% (w/v) each sodium pyruvate, sodium acetate, sodium lactate, and
glycerol (ProMM) (45). Stationary phase heterotroph cultures were washed three times in Pro99
media made from 0.2 um filtered and autoclaved Sargasso seawater (centrifuging for 5 min at
16,000 xg) and diluted to an identical starting ODggo to begin the growth assay.

Purified vesicles (or, as a control, samples of sterile Pro99 media put through the identical
vesicle purification process) were washed three times in Pro99 media by ultracentrifugation as
above. Vesicle samples, the media control, or a defined mixture of organic carbon compounds
(sodium pyruvate, sodium acetate, sodium lactate, and glycerol; final concentration 0.001%
(w/v) each) were added to replicate wells. Cells were grown in 96-well plates, and growth was
measured by following the ODgoy on a Synergy 2 plate reader (BioTek) at 27 °C, measuring
optical density every hour for 48 hours. To confirm that the change in ODgg corresponded to an
increase in cell abundance within the culture, dilutions of culture samples from the beginning
and end of the timecourse were plated on ProMM plates containing 1.5% agar. Plates were
grown at room temperature and the number of colony forming units counted (n=3 replicates).

Examining vesicle-phage interactions

Samples of cyanophage PHM-2 were inoculated into exponentially-growing cultures of
Prochlorococcus strain MED4. Once the infected culture had visibly lysed (typically 3-5 days),
the culture was put through a 0.2 um Supor filter (Pall) and phage were precipitated by
ultracentrifugation (Beckman SW32Ti rotor, 32,000 rpm, 4°C, 1hr) and resuspended in 100 pL
of fresh Pro99 media. 10 uL of phage were mixed with an equal volume of purified MED4
vesicles, incubated for 15 min at room temperature, and examined by negative stain electron
microscopy as above.



Supplementary text

Description of vesicle carbon content estimates

We base our estimates of average vesicle carbon content on the carbon from lipids only, as the
distribution of other organic compounds within vesicles (e.g. DNA, RNA, protein) is not
necessarily uniform; thus this is a lower-bound estimate of carbon content. We assume that
vesicles are spherical, with a diameter of 75 nm (the average mode abundance in our field
samples, fig. S9A), and are enclosed by a single lipid bilayer. We then calculate the total number
of lipid molecules per vesicle based on the total surface area of the vesicle, assuming an average
area of 0.54 nm” per lipid molecule (46) and that lipids make up a total of 80% of the membrane
area (47). Total carbon content is then derived from the number of lipid molecules and an
average of 43 C atoms per lipid molecule, based on the measured abundance of different lipid
species in Prochlorococcus vesicles (fig. S5). The minimum carbon content for a 75 nm diameter
vesicle is ~0.05 fg C, but varies from 0.02 fg to 0.3 fg C for vesicles of 50 nm and 200 nm
diameter, respectively. As an average bacterial cell in the open ocean contains ~12 fg carbon
(48), a single vesicle could contain, on an order-of-magnitude basis, 1/100" the carbon of a
heterotroph.

Calculating vesicle production per cell per generation

Measured vesicle production by Prochlorococcus cultures during exponential growth is
consistent with a model wherein, on average, each cell releases a constant number of vesicles per
generation, as described below. We also assume that vesicle loss in the culture is negligible, as
we have shown that they are stable in seawater for at least two weeks (fig. S4).

The number of vesicles (V) produced by a population of cells during the time it takes the
population to double (i.e. one generation time) is thus the product of the total number of cells (V)
in the population and r, the average number of vesicles released per cell per generation:

V =Nr (1)

More generally, given the initial number of cells in the population (Ny), the number of vesicles
produced in the xth generation (V%) is:

V.=2""N,r (2)

The total number of vesicles (Vi) in the culture after n generations is then:

Vi = 2,27 Nyr = (2" =1)N,r
3)
For each culture, we determine the instantaneous growth rate, u (time™), for the Prochlorococcus

cells during exponential growth (from time a to b) from the number of cells, N, and N,,
respectively, present at the beginning and end of the log-linear portion of the growth curve:
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which allows us to calculate the number of generations () per unit time as:
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To determine the number of vesicles produced per cell per generation in our culture, we solve for
r (in Eq. 3 above) in terms of the number of vesicles produced during exponential growth, and
the number of generations that occurred during this timespan:
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where V, and V,, represent the number of vesicles measured at the beginning and end of
exponential phase, respectively. This model fit the observed vesicle production during
exponential growth for the three strains examined well, with correlation coefficients between
modeled and observed concentrations of 0.89 (MED4), 0.95 (NATL2A) and 0.96 (MIT9313)
(fig. S13 and Table S1).

Estimates of global Prochlorococcus vesicle production

We calculated an order-of-magnitude estimate of global Prochlorococcus vesicle production as
follows. Our data from cultured Prochlorococcus strains, representing multiple ecotype groups,
is consistent with the assumption that most or all Prochlorococcus cells release vesicles. In the
field, the generation time of Prochlorococcus is between 1 - 2 days (49, 50); given a mean global
Prochlorococcus abundance of ~3 x 10?7 cells (/4), this implies that on the order of 1.5 x10*” — 3
x10%" new Prochlorococcus cells are produced per day. The Prochlorococcus cultures examined
in this study grew with a similar generation time as has been shown for cells in the oceans (49,
50), and released 2 - 5 vesicles per cell per generation (see above). While environmental factors
may influence Prochlorococcus vesicle release in the field relative to those in observed in
culture, based on these numbers we estimate that global Prochlorococcus populations could
release ~10%" — 10%® vesicles per day. Since Prochlorococcus vesicles contain, conservatively, on
the order of 0.05 - 0.1 fg carbon each, global C release in the form of Prochlorococcus vesicles
would then be ca. 10* — 10° tonnes C per day.

Vesicle-associated lipids in field samples

The distribution of intact polar lipid headgroups from vesicle-enriched field samples (fig. S10)
was notably different from that seen in cultured Prochlorococcus strains (fig. S5). This result is
consistent with the hypothesis that many marine microbes besides cyanobacteria release vesicles,
which is also supported by the presence of DNA from diverse organisms within this sample
(Table S5).



The presence of monoglycosyldiacylglycerol is consistent with phototroph-derived vesicles, as
this 1s typically the dominant lipid in their thylakoid and cytoplasmic membranes (5/), although
other cyanobacterial lipids such as sulfoquinovosyldiacylglycerol were not detected in these field
samples. While betaine lipids and phosphotidylcholine are typically thought to originate from
algae and would suggest an algal origin for many of these vesicles (some algal species were
identified by DNA sequencing; Table S5), fatty acid analysis identified primarily saturated C,4.0
and Cje.0 species in these samples. Since algal fatty acids are dominantly polyunsaturated (52),
this implies that much of the betaine and phosphotidylcholine in vesicles may in fact be of
bacterial origin (53). This conclusion finds additional support in the recent identification of
abundant betaine lipids in Proteobacteria (54) and in bacterial biofilms that coat Bahamian ooid
sand grains (55). Although we were somewhat surprised to not find common heterotrophic
phospholipids such as phosphotidylethanolamine, given the relative abundance of Proteobacterial
sequences in the data set, phosphatidyldiacylglycerol can also be derived from heterotrophs (56).

Phage content of enriched vesicle fraction sequencing libraries

While bacterial sequences comprised the majority of unique database hits recovered (Table S5),
we also identified reads with significant homology to phage sequences (largely capsid and
replication proteins) within both the coastal and open ocean data sets (8% of total coastal reads,
4% of total open ocean reads). The presence of phage DNA among the sequences in our vesicle
preparations could result from several sources: (i) Phage co-isolated with the vesicles in the
density gradient fraction; (ii) Phage genomes that have been injected into vesicles through
mistaken infection; or (iii) Phage sequences packaged in vesicles as prophage (see Fig. 4).

Some phage, such as the tailed phage known to infect cyanobacteria, are known to incorporate
host-like genes in their genomes (57-61). The presence of host-like genes in vesicle-associated
phage genomes could introduce some ambiguity to our conclusion that most bacterial genes
found in the vesicle samples have their origins in DNA exported by microbes within vesicles.
Though a few of the bacterial sequences we found in the vesicles could possibly have come from
phage, this is not likely to account for a significant portion of the genes identified for the
following reasons:

First, the ssDNA phage (Circoviridae, Geminiviridae, Microviridae, Nanoviridae) sequences,
which account for a large portion of the phage reads, almost certainly result from co-isolation of
these phage with the vesicles, as what appear to be ssDNA filamentous phage are visible in
electron micrographs of our vesicle fractions (see Fig. 3A-B). We note that ssDNA phage are
also known to be preferentially enriched by multiple displacement amplification (44), which may
have resulted in a relative oversampling of these sequences. These phage have small (< 12kb)
genomes (62, 63) and typically do not carry genes of host origin. Second, the read abundance
distributions of bacterial and phage genes in the dataset were significantly different (Mann-
Whitney test, p < 2.2x107'® in both libraries), demonstrating that, on the whole, they did not
originate from the same DNA molecules. Finally, paired-end data do not show clear examples
where bacterial and phage genes were found on the same DNA fragment (Additional data table
S6). We examined the nonoverlapping (and thus presumably longest, from >450 bp fragments)
paired-end sequences, finding that only 4.6% of the 38,822 reads in the coastal sample with
significant BLASTx hits on both ends matched a phage protein on one end and a bacterial
protein on the other (only 0.5% of paired reads differed in the open ocean sample). Of these



mixed sequence pairs, the putative bacterial sequence was nearly always one of two hypothetical
proteins (NCBI gi 423339592 and 15618146); these sequences each have significant similarity to
other phage genes, and we suspect they may have been mis-annotated.

For all of these reasons, we argue that the vast diversity of microbial sequences isolated from the
enriched vesicle fractions have their origins in DNA exported by microbes within vesicles, and
not in phage genomes.
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Fig. S1. Vesicles are released by intact, healthy Prochlorococcus cells. (A) Growth curve of
axenic Prochlorococcus strain MED4 as measured by relative culture autofluorescence. Vesicles
were collected at the timepoint indicated by the arrow, in late exponential growth phase. (B)
Flow cytometry profile of MED4 cells from the time point indicated in (A), demonstrating a
Prochlorococcus population distribution indicative of a healthy population. Signals of cells with
reduced chlorophyll fluorescence typical of stressed or stationary phase cultures were not
observed (signals at red fluorescence values < 10 are instrument noise). 2 pm diameter
fluorescent beads (Duke Scientific) were added as an internal size reference. (C) Negative stain
TEM of vesicles collected from the sample, confirming that vesicles are present in the culture at
this time point. Scale bar: 100 nm.
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Fig. S2. Vesicles are also released by Synechococcus strain WH8102. (A) Electron
micrograph of vesicles (indicated by arrows) isolated from the supernatant of an exponentially
growing culture of axenic WH8102. Material in the background is likely due to a brown
compound present in cultures of this strain that co-purified with the vesicles. Scale bar: 100 nm.
(B) Nanoparticle tracking analysis of WH8102 supernatant indicates that vesicles were present at
approximately 1.9 x 10° mL™" in culture, with a mode diameter of 110 nm.
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Fig. S3. Vesicle production by different Prochlorococcus strains representing two different
ecotypes. Vesicle concentration (open circles) as compared to cells (squares) in axenic cultures
of Prochlorococcus strain (A) MEDA4, a high-light adapted strain, and (B) NATL2A, a low-light
adapted strain. Cells were grown under constant light as described above, with samples taken
daily for measurement of total cells (by flow cytometry) and vesicle concentration (measured
using nanoparticle tracking analysis). Values represent the mean +/- SD of three replicates.
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Fig. S4. Prochlorococcus vesicles are stable in seawater. (A) The concentration of vesicles in
filter-sterilized seawater at 21 °C changed by less than 10% over the span of 17 days. (B) Mode
vesicle diameter also did not show any significant variation over this 17 day time period. Values
in (A) and (B) represent the mean +/- SD of three independent replicates. (C — E) Negative stain
TEM images indicate the presence of vesicles in seawater after 0, 7 and 14 days, respectively.
Vesicles were clearly visible in the sample after two weeks. The electron microscopy protocol

was not quantitative, leading to variation in the number of vesicles per microscope field. Scale
bars: 100 nm.
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Fig. S5. Lipid characterization of Prochlorococcus membrane vesicles. (A) Relative
abundance of intact polar lipid head groups in MED4 and MIT9313 purified vesicles (white) and
cells (grey). Values indicate mean of two biological replicates. (B) Relative abundance of polar

lipid fatty acids from the same samples.
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Fig. S6. Quantitation of nucleic acids in purified Prochlorococcus vesicles. (A) DNA content.
Samples of purified Prochlorococcus MEDA4 vesicles, seawater (as a negative control), or
Prochlorococcus genomic DNA were either treated with Turbo DNase (Ambion) or not, as
indicated, prior to lysis, purification and measurement. (B) RNA content. Quantitation of RNA
obtained from samples of purified Prochlorococcus MEDA4 vesicles or, as controls, seawater,
ribosomal RNA, and Prochlorococcus genomic DNA. In both plots, ‘< dl’ indicates that
concentrations in these samples were below the assay detection limit (~25 pg mL™). Values
represent the mean of two replicate assays.
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Fig. S7. Size distribution of vesicle DNA fragments from Prochlorococcus MED4. Purified
vesicle DNA was analyzed with an Agilent BioAnalyzer High Sensitivity DNA assay. Vesicle
DNA fragments were found at 92, 206, 318, 612, and 2858 bp. The large peaks at 35 bp and
10380 bp represent internal size standards and not DNA from the sample. This analysis cannot
resolve fragments larger than ~7 kb, and we cannot rule out the existence of larger fragments in
the sample.
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Fig. S8. RNA is associated with Prochlorococcus MED4 vesicles. Distribution of RNA
associated with vesicles isolated from Prochlorococcus MED4 cultures. Sequenced reads were
mapped against the MED4 chromosome; mean relative abundance from two replicate samples is
plotted over a 1kb window. Due to the use of both rRNA-depleted and non-depleted libraries,
relative transcript abundance was calculated excluding ribosomal sequences; a qualitative
ribosomal abundance point is plotted for location reference (~310 kb, indicated with *; ribosomal
RNA was >949% of all reads in the non-depleted sample). In total, 89% of the genome (1,476,104
bp of the 1,657,990 bp chromosome) was represented at least once in the RNA libraries.
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Fig. S9. Bacterial vesicles from the ocean. (A) Comparison of vesicle size distributions from
5Sm depth at the Bermuda Atlantic Time-series Study (BATS) station in the Sargasso Sea (solid
line) to coastal surface water from Vineyard Sound, MA (dashed line). (B-D) Negatively stained
electron micrographs of vesicles from 70m (B), 150m (C), and 500m (D) depth at BATS. Scale
bars: 100 nm in all panels.
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Fig. S10. Vesicle enrichments from ocean samples contain lipid and protein. (A) Intact polar
lipid headgroup analysis of enriched vesicle samples from the surface of Vineyard Sound, MA
(white) and from 5m depth in the Sargasso Sea (grey). Lipid concentrations are normalized to the
amount of seawater processed to obtain in sifu estimates of vesicle-associated lipid
concentration. (B) Vesicle-associated protein concentrations from the enriched vesicle samples
in (A). Protein concentrations, as determined by the BCA assay, are normalized to the amount of
seawater processed to obtain in sifu estimates. Values represent the mean of two replicates.
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Fig. S11. Heterotrophic utilization of fixed carbon from purified Prochlorococcus vesicles.
Halomonas growth patterns are shown in a seawater-based minimal medium supplemented with
media only (control), vesicles (+vesicles), or a defined mixture of organic carbon compounds
(+organic carbon mix) as the only added organic carbon source. Growth curves represent the
mean +/- SEM of three replicates. The ODgg increase of the ‘+vesicles’ and ‘+organic carbon’
trials both corresponded with a significant increase in Halomonas cell concentration (measured
by plate counts) as compared to the control after 48 hours (¢ test; p < 0.05).
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Fig. S12. Additional examples of phage binding to vesicles. (A-D) Negatively stained electron
micrographs of phage PHM-2 bound to vesicles from Prochlorococcus MEDA4. Scale bar: 100
nm in all frames.
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Fig. S13. Fit of vesicle production model to observed data for strain MIT9313. Modeled
vesicle production (grey dashed line, triangles) is shown compared to the measured
concentration of vesicles (open circles) and cells (squares) in the culture during exponential
growth. Modeled values were derived using Eq. 6 (supplementary text), yielding an estimated
vesicle production rate = 3.8 vesicles cell”’ generation. Modeled and observed values had a
correlation coefficient of 0.96.
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Table S1. Diverse Prochlorococcus strains release membrane vesicles. Axenic
Prochlorococcus strains found to release vesicle-sized particles in culture. The mode vesicle
diameter is based on nanoparticle tracking analysis results of the <0.2 um culture fraction. nd =
not determined.

Strain Isolation Location Ecotype group  Mode vesicle Estimated vesicle
diameter (+/- SD), production rate
nm (vesicles cell”

generation‘l)

MED4 Mediterranean Sea High Light I 91 (= 34) 2.3

MIT9202 Tropical Pacific High Light II 74 (£ 52) nd

SB Western Pacific High Light IT 119 (£ 97) nd

MIT9301 Sargasso Sea High Light I 80 (£ 43) nd

NATL2A North Atlantic Low Light I 96 (= 49) 4.7

MIT9313 Gulf Stream Low Light IV 89 (+37) 3.8



Table S2. Proteins identified in Prochlorococcus MED4 vesicles.

Mascot

Molecular identification
NCBI Accession Description weight (Da) probability Predicted localization
2i[33860650[ref[NP_892211.1| serine protease 41,841.40 100.0% Periplasmic
2i[33860657|ref[NP_892218.1| RND family outer membrane efflux protein 54,271.50 100.0% Outer Membrane
2i[33860667|ref[NP_892228.1| shikimate kinase 21,235.20 98.1% Cytoplasmic
2i|33860686|ref|[NP_892247.1| hypothetical protein 36,882.90 100.0% Cytoplasmic
2i[33860730|ref|[NP_892291.1| NifS-like aminotransferase class-V 42,189.30 99.6% Cytoplasmic
2i|33860745|ref|[NP_892306.1| hypothetical protein 27,110.60 100.0% Unknown
2i[33860785|ref[NP_892346.1| cell division protein FtsH2 66,746.50 99.3% Cytoplasmic Membrane
2i[33860812|ref[NP_892373.1| hypothetical protein 77,661.80 100.0% Outer Membrane
2i[33860888|ref|[NP_892449.1| LysM domain-containing protein 29,279.50 99.6% Cytoplasmic
2i|33861107|ref|[NP_892668.1| ribulose bisophosphate carboxylase 52,574.50 100.0% Cytoplasmic
2i|33861234|ref|[NP_892795.1| carboxyl-terminal processing protease 47,966.10 100.0% Cytoplasmic Membrane
2i|33861267|ref|[NP_892828.1| ABC transporter, substrate binding protein, phosphate 33,888.20 99.8% Periplasmic
2i[33861350|ref|[NP_892911.1| hypothetical protein PMM0793 44,284.90 97.7% Cytoplasmic
2i[33861442|ref[NP_893003.1| D-Ala-D-Ala carboxypeptidase 3 37,303.90 99.8% Periplasmic
2i[33861470[ref[NP_893031.1] ABC transporter 43,597.70 99.4% Cytoplasmic Membrane
2i[33861526|ref|[NP_893087.1| urea ABC transporter, substrate binding protein 47,601.20 98.6% Cytoplasmic
2i[33861535|ref[NP_893096.1| hypothetical protein PMMO0979 11,172.20 99.9% Unknown
2i[33861588|ref[NP_893149.1| ABC transporter substrate-binding protein 52,262.30 99.8% Unknown
2i[33861680[ref[NP_893241.1| natural resistance-associated macroph 53,063.10 100.0% Outer Membrane
2i[33861695|ref[NP_893256.1| membrane fusion protein 39,592.80 99.8% Cytoplasmic Membrane
2i[33861718|ref[NP_893279.1| hypothetical protein 68,499.40 100.0% Outer Membrane
2i[33861720|ref[NP_893281.1| iron ABC transporter, substrate binding protein 38,211.60 99.4% Unknown
2i[33861738|ref[NP_893299.1| hypothetical protein 22,217.80 100.0% Unknown
2i[33861749|ref[NP_893310.1| tetrapyrrole methylase family protein 31,921.30 99.0% Unknown
2i[33861780|ref[NP_893341.1| polysaccharide export protein 39,139.10 99.8% Unknown
2i[33861781|ref[NP_893342.1| hypothetical protein 68,295.00 99.9% Unknown
2i[33861795|ref[NP_893356.1| ABC transporter 67,454.60 99.3% Cytoplasmic Membrane
2i[33861803|ref|[NP_893364.1| hypothetical protein 46,457.50 100.0% Cytoplasmic
2i[33861837|ref[NP_893398.1| GTP-binding protein Era 33,887.90 97.6% Cytoplasmic Membrane
2i[33861894|ref|[NP_893455.1| chloroplast outer envelope membrane protein 78,853.70 100.0% Outer Membrane
2i[33861904|ref[NP_893465.1| sporulation protein SpolID-like 45,240.70 100.0% Unknown
2i[33861981|ref[NP_893542.1| serine protease 49,042.10 100.0% Periplasmic
2i[33861992|ref[NP_893553.1| molecular chaperone GroEL 57,442.20 100.0% Cytoplasmic
2i[33862007|ref[NP_893568.1| ATP synthase FOF1 subunit alpha 54,341.20 98.3% Cytoplasmic
2i[33862088|ref[NP_893649.1| 508 ribosomal protein L13 16,112.90 99.8% Cytoplasmic
2i[33862110[ref]NP_893671.1| 308 ribosomal protein S19 10,192.30 98.5% Cytoplasmic
2i[33862114|ref[NP_893675.1| 508 ribosomal protein L3 23,168.50 98.8% Cytoplasmic
2i[33862218|ref[NP_893779.1| 508 ribosomal protein L20 13,478.80 99.8% Cytoplasmic
2i[33862249|ref[NP_893810.1| aminotransferase class-IV 32,181.00 99.2% Cytoplasmic
2i[33862270|ref[NP_893831.1| hypothetical protein 70,284.00 99.9% Cytoplasmic Membrane
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Table S3. Proteins identified in Prochlorococcus MIT9313 vesicles.

Mascot

Molecular identification
NCBI Accession Description weight (Da) probability Predicted localization
2i[33862463|ref[NP_894023.1| LysM domain-containing protein 51,020.80 97.7% Unknown
2i[33862536|ref[NP_894096.1| Possible pilin 17,169.30 99.8% Extracellular
2i[33862667|ref[NP_894227.1| Cell wall hydrolase/autolysin 38,871.40 99.9% Unknown
2i[33862915|ref[NP_894475.1| Hypothetical protein 28,722.20 100.0% Outer Membrane
2i|33863048|ref|[NP_894608.1| Carboxyl-terminal processing protease 48,733.70 88.0% Unknown
2i|33863264|ref|[NP_894824.1| ABC transporter, substrate binding protein, phosphate 34,297.40 89.0% Periplasmic
2i[33863364|ref[NP_894924.1| Hypothetical protein 18,740.90 99.8% Unknown
2i[33863369|ref][NP_894929.1| Possible cAMP phosphodiesterase class-II 14,691.40 99.8% Unknown
2i|33863565|ref|[NP_895125.1| Hypothetical protein 63,849.60 100.0% Cytoplasmic
2i|33863660|ref|[NP_895220.1| Hypothetical protein 18,329.30 87.2% Cytoplasmic
2i[33863680|ref][NP_895240.1| Chloroplast outer envelope membrane protein homolog 82,961.20 100.0% Outer Membrane
2i[33863780|ref][NP_895340.1| Hypothetical protein 35,923.60 87.6% Outer Membrane
2i[33863782|ref[NP_895342.1| Sulfatase 87,437.90 98.4% Unknown
2i[33863784|ref[NP_895344.1| Possible ABC transporter, solute binding protein 31,284.70 98.6% Periplasmic
2i[33863788|ref|[NP_895348.1| Hypothetical protein 56,269.20 99.3% Unknown
2i[33863790|ref]NP_895350.1| Hypothetical protein 17,057.00 89.0% Unknown
2i|33863866|ref|[NP_895426.1| Putative magnesium chelatase family protein 11,035.60 89.0% Cytoplasmic
2i[33863867|ref[NP_895427.1| Hypothetical protein 25,709.40 100.0% Unknown
2i[33863886|ref|[NP_895446.1| Possible protein phosphatase 2C 25,307.40 100.0% Extracellular
2i[33863903|ref][NP_895463.1| Possible serine protease 40,509.30 100.0% Periplasmic
2i[33864108|ref[NP_895668.1| Hypothetical protein 114,133.80 99.8% Unknown
2i[33864141|ref[NP_895701.1] Hypothetical protein 25,745.70 100.0% Unknown
2i[33864244|ref[NP_895804.1| Possible porin 62,197.20 100.0% Extracellular
2i[33864366|ref[NP_895926.1| Hypothetical protein 26,487.30 99.8% Unknown
2i[33864411|ref[NP_895971.1| Hypothetical protein 28,534.40 99.8% Unknown
2i[33864417|ref[NP_895977.1| Hypothetical protein 80,122.50 99.9% Unknown
2i|33864493|ref|[NP_896053.1| Putative urea ABC transporter, substrate binding protein 47,029.60 89.0% Unknown
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Table S4. Genes found encoded within Prochlorococcus MED4 vesicles. The fifty open

reading frames with the highest average read coverage, across the entire gene, are listed below.

In total, 1079 open reading frames (out of 1949 total) had an average coverage of at least 1 read

from the combined dataset comprising both biological replicate libraries.

Genbank Average #
Protein ID  Start Stop Description of reads
158987150 816334 816450 Conserved hypothetical protein 14435
158987183 968405 968758 Conserved hypothetical protein 12615
33634003 825859 826080 30S Ribosomal protein S18 10732
33634004 826089 826283 50S Ribosomal protein L33 9823
33634009 831846 832238 Uncharacterized protein conserved in bacteria 7329
33634011 832609 836169 putative methionine synthase 7034
33633907 736999 737385 hypothetical protein 6351
33634010 832347 832568 conserved hypothetical 5863
33634002 824635 825819 probable ribonuclease I1 4461
33639783 467424 468011 putative inorganic pyrophosphatase 4383
33633970 793199 793729 conserved hypothetical protein 3754
33639784 468018 468968 Porphobilinogen deaminase 3700
33634008 830958 831788 possible ATP adenylyltransferase 3662
33633992 815709 816077 hypothetical 3458
158987152 817042 817191 Conserved hypothetical protein 3441
33634005 826385 828850 Phenylalanyl-tRNA synthetase beta chain 3351
33633971 793731 794351 conserved hypothetical protein 3178
33634068 893891 894244 conserved hypothetical protein 3155
33634069 894265 894678 Uncharacterized conserved protein 2962
33634104 927969 929123 putative urea ABC transporter 2903
33634001 823040 824575 Methionyl-tRNA synthetase 2832
33634107 931010 931720 Putative ATP-binding subunit of urea ABC transport system 2832
158987158 915907 916041 Conserved hypothetical protein 2803
33634090 915626 915904 possible GRAM domain 2657
33633993 816587 816823 hypothetical 2656
158987159 916071 916208 Conserved hypothetical protein 2585
33634089 914736 915536 Bacitracin resistance protein BacA 2490
158987160 931750 931929 Conserved hypothetical protein 2485
33634105 929123 930259 putative membrane protein of urea ABC transport system 2274
33634091 916287 916514 conserved hypothetical 2210
33639977 656275 656592 possible Elongation factor Tu domain 2 2171
33634007 829621 830634 possible DnalJ domain 2143
33634106 930252 931007 putative ATP binding subunit of urea ABC transport system 2132
33634088 913686 914414 Peptide methionine sulfoxide reductase 2132
158987151 816447 816587 Conserved hypothetical protein 2117
33633663 156307 157452 Citrate synthase 2108
33633887 713478 714182 30S ribosomal protein S2 2102
33639785 469063 470253 Putative principal RNA polymerase sigma factor 2021
33634067 893041 893874 putative rRNA (adenine-N6,N6)-dimethyltransferase 1977
33639772 456638 457939 glutamate-1-semialdehyde 2,1-aminomutase 1968
33639809 491753 492886 NAD binding site 1955
158987148 815085 815243 Conserved hypothetical protein 1953
33634369 1523605 1524069  conserved hypothetical protein 1941
33634066 892101 893039 Putative 4-diphosphocytidyl-2C-methyl-D-erythritol kinase (CMK) 1939
33634367 1522121 1522831 phycoerythrobilin:ferredoxin oxidoreductase 1915
33639808 490726 491727 Transaldolase 1913
33633960 782376 782627 hypothetical 1854
33634028 857094 857531 Cyclophilin-type peptidyl-prolyl cis-trans isomerase 1813
158987149 815484 815636 Conserved hypothetical protein 1791
158987147 814929 815084 Conserved hypothetical protein 1755
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Table SS. Taxonomic distribution of DNA sequences from vesicles. DNA was isolated from
vesicles in surface water from coastal (Vineyard Sound, MA) and open ocean (Sargasso Sea)
sites, and amplified by multiple displacement amplification prior to library construction. The
number of unique best hits to the NCBI nr database, assigned to a given taxonomic group, is
reported for all phyla with at least two representative sequences in our data (see additional data
table S6 for the detailed identities of all significant hits). Numbers in parentheses indicate the
class-level breakdown of sequences assigned to the Proteobacteria. See also supplementary
online text for a discussion of the viral sequence content.
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Bacteria

Eukaryota

Viral
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Apicomplexa
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