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Horizontal gene transfer (HGT) is enabled in part through the movement of
DNA within two broad groups of small (<0.2 um), diffusible nanoparticles:
extracellular vesicles (EVs) and virus-like particles (VLPs; including viruses,
gene transfer agents, and phage satellites). The information enclosed within
these structures represents a substantial portion of the HGT potential available
in planktonic ecosystems, but whether some genes might be preferentially
transported through one type of nanoparticle versus another is unknown.
Here we use long-read sequencing to compare the genetic content of EVs and
VLPs from the oligotrophic North Pacific. Fractionated EV-enriched and VLP-
enriched subpopulations contain diverse DNA from the surrounding microbial
community, but differ in their capacity and encoded functions. The sequences
carried by both particle types are enriched in mobile genetic elements (MGEs)
as compared with other cellular chromosomal regions, and we highlight how
this property enables novel MGE discovery. Examining the Pelagibacter
mobilome reveals >7200 distinct chromosomal fragments and MGEs, many
differentially partitioned between EVs and VLPs. Together these results sug-

gest that distinctions in nanoparticle contents contribute to the mode and
trajectory of microbial HGT networks and evolutionary dynamics in natural

habitats.

The structure, function, and evolution of the marine microbiome are
profoundly influenced by horizontal gene transfer (HGT). HGT is a pri-
mary driver of microbial genome and pangenome evolution, new gene
acquisition, and functional innovation**. The process of HGT is ubiqui-
tous and promiscuous, enabling gene transfer between both closely and
distantly related organisms-®. Gene transfers between microbes ulti-
mately impact metabolic and functional repertoires and inter-
organismal interactions>°, and are particularly important for adap-
tive niche specialization of bacteria and archaea" ™. A successful HGT
event requires that DNA first physically moves between cells, that the
fragment is stably replicated within the recipient, and then that the

information is maintained following cell division. Microbial evolutionary
dynamics are thus influenced by variables influencing every step of this
process beginning with factors affecting the HGT potential, or the total
DNA available to be exchanged, in an environment.

The canonical view of microbial HGT has historically considered
three primary mechanisms that move genetic information between
cells: conjugation (movement of DNA via direct contact enabled by
specialized pili), natural transformation (cell-directed uptake of free
DNA from the environment), and transduction (transfer of DNA via
viruses). In aquatic environments, HGT via conjugation is primarily
used within surface-associated microbiomes on particles or biofilms
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where cells can maintain the direct and sustained contact required'*".

Free DNA, required for natural transformation, is found at relatively
high concentrations in the oceans—sometimes equaling the amount of
DNA found in the co-occurring cellular fraction per liter'. Despite this,
natural transformation appears to be far from a universal process in
the marine microbiome, as it depends on genetically encoded systems
common in surface-associated communities'* but rarer among free-
living cells” ", Viruses, by contrast, are likely key mediators of marine
HGT?. Phage infecting marine cyanobacteria mispackage chromoso-
mal DNA at a substantial frequency, suggesting that viral transduction
could be a common occurrence?*. Other virus-like particles (VLPs),
such as gene transfer agents or phage satellites, are similarly abundant
in the oceans and can influence microbial communities****. However,
viral host ranges are generally, though not always, considered to be
taxonomically limited”2’, raising questions as to whether viral trans-
duction alone is sufficient to explain the breadth and frequency of HGT
events observed in the marine microbiome.

Among the more recently recognized HGT modalities is DNA
transfer via extracellular vesicles (EVs)—small (~20-200 nm diameter),
spherical, membrane-bound structures released from most, if not all,
cells®®. EVs can be continually released from intact bacteria when
sections of outer membranes bleb away from the surface, or following
cell lysis events when small membrane fragments re-anneal’ ., These
structures provide a vehicle for transporting and delivering diverse
biological molecules—including nucleic acids, proteins, and metabo-
lites—between cells, thereby contributing to a range of biological
processes®***. Bacterial EVs can move DNA into bacteria, archaea, and
eukaryotes, indicating that they function as versatile vehicles for
HGT***. DNA is heterogeneously distributed within EV populations,
though how this material becomes packaged in EVs remains unclear.
Nucleic acids likely enter EVs via multiple mechanisms, including the
formation of vesicles containing both inner and outer membranes in
Gram-negative cells”; capture of DNA during re-annealing of lytic
membrane fragments®; directed packaging'®; or other unknown
mechanisms that may exist for moving DNA across membranes®**.,

EVs are ubiquitous in coastal and open ocean environments,
reaching concentrations of at least ~10°-10° per mL*2. VLPs are also
widespread in the oceans where they can be found at concentrations
exceeding ~107 per mL, often more than ~10X that of planktonic
cells®®. Together, these two groups of nanoparticles enclose a sub-
stantial fraction of the total dissolved extracellular DNA within the
oceans enclosed within discrete, protected entities and distinct from
free DNA'®*, Marine EVs and VLPs can contain both chromosomal
regions that integrate into a recipient chromosome through homo-
logous recombination as well as mobile genetic elements (MGEs) such
as plasmids, transposons, integrative and conjugative elements (ICEs),
phage-inducible chromosomal islands (PICIs), phage satellites, and
tycheposons®*****, These elements can be maintained either as semi-
autonomous entities within the cell, or else utilize integrase/recom-
binase enzymes to integrate into the cellular genome. The many dif-
ferences between EVs and VLPs, including their physical properties,
mechanisms of DNA delivery to recipient cells, and host ranges, indi-
cate that they may play distinct roles in mediating marine HGT. For
instance, while biases likely exist in vesicle interaction networks***¢,
abundant examples of EV-mediated interactions among bacteria and
across domains® suggest that EVs may be able to deliver DNA to a
broader range of cells than viruses*. Thus, distinctions in the genetic
content contained within these two types of vehicles could represent a
factor influencing HGT patterns.

In this work, we examine how the nanoparticle-associated portion
of the marine dissolved information pool—i.e. the raw material avail-
able for HGT—is partitioned between EVs and VLPs. We use long-read
sequencing of DNA contained within fractionated nanoparticle popu-
lations from the surface ocean to determine the origins and capacities
of different particle types. We then compare their genetic cargo,

including MGEs, and characterize the HGT potential of an abundant
marine heterotroph. Together, our results show that EVs and VLPs
contain distinct genetic potential, likely affecting the mode and tra-
jectory of microbial HGT dynamics in the ocean microbiome.

Results

Marine particles differ in their DNA-carrying capacity

To compare the HGT potential of marine EVs and VLPs, we examined
naturally occurring nanoparticles (<0.2um) from a 440L seawater
sample collected at 25 m depth in the oligotrophic North Pacific Sub-
tropical Gyre (Fig. 1a). As EVs and VLPs are heterogeneous structures
with overlapping size ranges (generally between 50 and 250 nm), we
used density gradient ultracentrifugation to separate the nano-
particles into two fractions. This fractionation process is imperfect, but
density gradients can partition most EVs from tailed phage and some
tailless phages*>***%; hence we refer to the resulting fractions as EV-
enriched and VLP-enriched. As expected, the VLP-enriched fraction
contained larger particles than the EV-enriched fraction (Table 1;
Supplementary Fig. 1a), consistent with expected morphological and
compositional differences*’.

To directly examine the genetic content of nanoparticle popula-
tions, we isolated and sequenced DNA from the two fractions using both
short and long-read sequencing. As our purification procedures
removed free DNA found outside of particles (Methods), we infer that
the obtained DNA was located within or otherwise tightly associated
with the nanoparticles. We observed a significant difference in the
overall carrying capacity of the two-particle fractions as measured by
read length (two-sided Wilcoxon test p <2.2e-16; Table 1; Fig. 1b). DNA
reads from the EV-enriched fraction ranged between 100 s of bp to 100 s
of kb (N50 = ~3 kb; maximum 183 kb). The VLP-enriched particles con-
tained markedly longer DNA fragments (N50 of ~37 kb; maximum
233 kb), exhibiting distinct peaks at lengths corresponding to known
phage genome sizes™ (Fig. 1b). These DNA fragment lengths represent a
lower bound measurement of particle capacity in the surface ocean and
are broadly consistent with previous reports of EV content in ocean
samples® and cultured isolates***. Thus, both marine EVs and VLPs can
transport genetic material of sufficient length to mediate HGT of indi-
vidual genes, complete operons, or more. We hypothesize that the
observed differences in DNA lengths reflect mechanistic differences in
how EVs and VLPs package DNA. For instance, while viruses typically
package long strands of DNA selectively and actively into capsids via
ATP-requiring proteins, EVs appear to enclose DNA using relatively
passive and nonspecific mechanisms that may limit their genetic
capacity™.

Cellular sources of DNA within marine nanoparticles

Sequences of microbial and viral origin were present in both nano-
particle fractions (Fig. 1c). Taxonomically classifiable reads indicated
contributions of at least 75 different bacterial and archaeal phyla to the
particle-associated DNA pool, consistent with previous findings on
marine EV contents*****°, While not the focus of our analysis, reads
with significant homology to eukaryotes such as protozoa, fungi, and
coccolithophores were also present. Each taxa’s relative representa-
tion within the EV-enriched and VLP-enriched fractions was positively
correlated with cellular abundance (Pearson’s correlation=0.93 and
0.95; df=26, t=13.41 and 16.44; p=3.44x10" and 2.94x107%,
respectively; Fig. 1d), suggesting that most marine microbes con-
tribute proportionally to extracellular DNA pools. Across all taxa,
~14.5% of the cellular (>0.2 um) metagenome was found mobilized
within marine particles. The true total representation of cellular
genomic potential within EVs and VLPs is undoubtedly higher, as our
sequencing depth did not saturate particle-associated DNA diversity
(Supplementary Fig. 1b). Read length distributions in the EV-enriched
fraction were broadly similar among taxa (Supplementary Fig. 2a), with
the longest reads reaching 40-60 kb. Manual examination confirmed
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Fig. 1| Composition of DNA within subfractions of marine particles. a Schematic
overview of sample collection and particle fractionation methodology. b Size dis-
tribution of DNA fragments contained within either the EV-enriched (blue) or VLP-
enriched (red) fractions, as determined by nanopore sequence length. c Relative
abundance of cellular, viral, and unclassified reads in the EV-enriched and VLP-
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enriched particle fractions. Colors indicate sequence type. d Relative abundance of
sequences taxonomically classifiable to the family level in the EV-enriched and VLP-
enriched particle fractions, as compared with the cellular community from the
same water sample. Colors indicate phylum; selected families are labeled. Source
data are provided as a Source Data file.

Table 1| Particle fraction and sequencing summary statistics

EV-enriched fraction  VLP-enriched fraction

Mode particle size (nm) 83 95

Total sequences (>1kb) 11,574,853 1,097,084
Total yield (Gbp) 33.86 25.51
Sequence N50 (bp) 3138 36,976
Predicted protein- 38,489,055 27,565,952

coding genes

that many of these long EV-enriched fraction reads were likely cellular
in origin, such as fragments that matched Prochlorococcus and Pela-
gibacter reference genomes at >87% nucleotide identity across
~10-25kb (Supplementary Fig. 2b, c).

Sequences with similarity to known viral genomes comprised 30%
of the EV-enriched data and 60% of the VLP-enriched reads (Fig. 1c). Of
taxonomically classifiable viral reads, >92% were members of the Cau-
doviricetes, and others showed significant homology to previously
described viral genomes from the sampling site® (Supplementary
Table 1). We propose that the presence of viral DNA within the EV-
enriched fraction arose from a combination of sources. First, some reads
undoubtedly represent bona fide viral particles, including lipid-
enveloped viruses, which could not be physically separated from EVs.
However, the lack of distinct peaks in the distribution of DNA lengths
from the EV-enriched fraction, which were present in the VLP-enriched
fraction (Fig. 1b, Supplementary Fig. 3a), suggests that this was not the
primary factor. Secondly, some of the viral DNA could have been truly
enclosed within EVs. Such particles could result from viral genomic DNA
becoming enveloped in membrane fragments during cell lysis®, or via
phage binding to and delivering their DNA into planktonic EVs*%,
potentially representing an alternate route for viral transmission®>”,
Third, a portion of these sequences appears to reflect the random
incorporation of prophage-containing cellular genome fragments into
vesicles or misclassifications of mobile elements as viruses. While much

remains to be determined, our data imply an intricate and complex
relationship between viruses and EVs in the oceans.

Extensive diversity of genetic cargo within marine particles

EV and VLP-associated read compositions were similar at a broad
taxonomic level, but their specific DNA cargo was quite distinct: only
0.008% of sequences from one fraction dataset matched a read from
the other fraction at >80% nucleotide identity over >80% of the read
length. The differences in genetic content were further reflected in
their encoded proteins. Looking across both fractions, only 10% of all
protein family level (20% identity) clusters, and just 3% of unique (90%
identity) proteins, were found in both EVs and VLPs (Fig. 2a). The fact
that >40% of family-level protein clusters in our data contained only
one sequence further highlights the vast diversity within the marine
mobilome.

As expected, reads encoding annotatable phage structural pro-
teins were more abundant in the VLP-enriched fraction than the EV-
enriched data (Fig. 2b). Together, the particles contained non-
singleton protein family clusters encompassing 4552 KEGG orthologs
and all COG categories (Supplementary Fig. 3b). This functional
genetic diversity was differentially distributed between particle frac-
tions (Fig. 2c). Approximately 16% of annotatable KEGG orthologs were
found exclusively in either the EV-enriched or VLP-enriched fraction
(Supplementary Data 1), encompassing a wide variety of functional
proteins. EV-associated reads contained a higher relative abundance of
KEGG BRITE functions, including secretion system genes, kinases, two-
component systems, putative toxin-related genes, and ion channels.
Conversely, VLP-enriched particles were relatively enriched with
ribosomal and translation-related proteins, transporters, amino acid
metabolism, lipid biosynthesis, and motility genes. These categories
are commonly identified as auxiliary metabolic genes in viral genomes,
where their expression during infection can improve viral reproduc-
tion efficiency™, and the genetic components required to produce
functional virus propagules may account for some of the observed
functional differences between fractions. Among the most abundant
EV-exclusive KEGG orthologs were putative archaeal and eukaryotic
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Fig. 2 | Differences in the protein-coding gene content encoded within EVs
and VLPs. a Distribution of unique protein-coding genes between the EV-enriched
vs VLP-enriched fraction samples. Predicted protein sequences were clustered at
either the level of individual proteins (90% identity) or protein families (20%
identity). Colors indicate particle fraction, and singleton protein sequence clusters
(i.e., clusters with only one member) are noted. b Relative abundance of reads
containing putative phage structural genes in the particle fractions. Colors indicate
category definitions from the PhAROGs database. ¢ Relative abundance of KEGG-

annotatable proteins in both particle fractions, grouped by KEGG BRITE C category.
Positive values are more abundant in the EV-enriched fraction; negative values are
more abundant in the VLP-enriched fraction. Values indicate the mean +SD of 10
random resamplings to compare equivalent numbers of proteins from both frac-
tion datasets (all error bars are within the points); colors indicate the average
relative abundance of proteins in each category. BRITE categories with fewer than
100 total identified proteins are not shown. Source data are provided as a Source
Data file.

cellular proteins, suggesting that EVs may be important vehicles for
HGT by these groups in the surface ocean. Together, our findings
indicate that functional genetic potential is not equally distributed
between EVs and VLPs.

MGEs are prevalent within marine particles

To explore the origin and local genomic context of mobile DNA in
detail, we aligned the long reads to a reference dataset of diverse
marine microbial genomes. Alignment coverages of particle-
associated reads across individual reference genomes were highly
skewed in some cases (Fig. 3a; Supplementary Fig. 4a), with some
regions recruiting at >10-100-fold excess compared to the surround-
ing areas. Overall reference coverage skew did not differ significantly
between the two fractions, but differences in relative read recruitment
patterns on individual references were consistent with differential
compositions of the EV and VLP pools (Supplementary Fig. 4b). Manual
examination revealed that the highest-recruiting regions represented
both potential viruses as well as non-viral MGEs. The skew in reference
genome coverage was also not significantly correlated with the num-
ber of MGE hallmark genes in each genome, suggesting that only a
subset of all potential mobile elements in the community was present
within particles at a detectable level (Supplementary Fig. 4c). To better
characterize this MGE content we next looked for putative mobile

element hallmark genes, including viral hallmarks, in all particle-
associated reads. As expected, 81% of sequences from the VLP-
enriched fraction contained at least one putative MGE-associated
hallmark gene, and at least 74% of those appeared viral. 50% of reads
from the EV-enriched fraction also contained MGE signature genes,
indicating that MGEs represent a substantial portion of marine EV
content as well. Overall, reference genome regions associated with
putative mobile elements had significantly higher read coverage than
non-MGE-associated regions across all taxa (two-sided Wilcoxon test,
p<2.2e-16; Fig. 3b). These data indicate that marine nanoparticle
populations contain two tiers of content: a relatively low-abundance
set of particles containing putatively nonspecific genomic DNA frag-
ments and a comparatively higher frequency of particles carry-
ing MGEs.

Nanoparticle-associated MGEs originated from 75 different phyla
of marine Archaea and Bacteria (Fig. 3c). The largest taxonomically
classifiable MGE sources were abundant marine microbes belonging to
the Pseudomonadota (numerically dominated by Pelagibacter), Bac-
teroidota, Cyanobacteriota (primarily Prochlorococcus), and Actino-
mycetota. We also note that 34% of all putative MGE-associated long
reads could not be recruited to a reference genome, whether viral or
cellular, reinforcing a large amount of remaining diversity left to be
understood.
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To broadly characterize the MGE diversity in our data we clus-
tered reads from both particle fractions based on MGE hallmark gene
co-occurrence, identifying 31 major groups of elements (Fig. 3d, Sup-
plementary Fig. 5a). MGE clusters encompassing the greatest number
of reads contained viral-like sequences (including true viruses and viral
satellites) from both the EVs and VLP-enriched fractions (Supplemen-
tary Fig. 5b). We confirmed the presence of putative viruses and pro-
phages, including examples of abundant viral-like sequences in marine
Cyanobacteria, Alphaproteobacteria, and Acidimicrobiia (e.g., Sup-
plementary Fig. 6, Clusters 1-5). Other clusters represented non-viral
mobile elements such as tycheposon-like elements*, concatemeric
phage satellites*, and prophage-like sequences. Beyond these, addi-
tional clusters delineated sequences encoding Cas9-like enzymes
(including some with associated integrases), small serine recombi-
nases, and restriction-modification systems (Supplementary Fig. 6). As
mobile elements comprise a diverse spectrum of genetic entities that
propagate using a wide range of mechanisms and which are difficult to
delineate™, the true number of different MGEs within these clusters
remains elusive.

We next asked whether particle-enclosed MGEs have the potential
to move genes that confer ecologically relevant traits. In total, 85% of
all KEGG-annotatable metabolic enzymes were found on reads also

containing MGE signature genes, including both viral and non-viral
elements. Similarly, 98% of genes classified as potential auxiliary
metabolic genes by the PhROGs database were associated with
potential mobile elements. For instance, integrase-associated Pro-
chlorococcus mobile elements were observed on the same read with
genetic cargo such as metal-binding genes, sugar metabolism
enzymes, and central carbon enzymes like aldolase (Supplementary
Fig. 7a, b). We also noted a few potential cargo-carrying plasmids in the
data encoding genes involved in cobalamin biosynthesis, sugar trans-
porters, and a Type IV secretion system (Supplementary Fig. 7c, d).
These results are consistent with previous short-read data implicating
marine EVs as vehicles for mobile elements®***** and provide a basis
for examining the specific genetic context in which functional genes
travel between cells.

Extensive diversity of mobilized DNA from Pelagibacter

Pelagibacter is one of the most abundant and ubiquitous bacterial
groups in the ocean, with an extensive, globally distributed pangen-
ome associated with ecologically relevant functional differentiation®.
This diversity is shaped by several evolutionary processes, including
homologous recombination of replacement genomic islands, pela-
giphage activity, and integrase-mediated mobile elements***’*%, To
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nucleotide-level similarity; gene colors indicate functional categories of mobile
element-associated proteins as indicated at bottom. Conserved unknown, unan-
notated gene found in >1 sequence; YR tyrosine recombinase, pri primase primase/
polymerase or primase/helicase, pol polymerase.

better understand what EV and VLP analysis can teach us about the
overall landscape of HGT potential in a single taxon, we next char-
acterized the composition of the Pelagibacter mobilome.

The Pelagibacteraceae were the most abundant family in our
sample (Fig. 1d), representing 5.5% and 7.2% of reads in EV- and VLP-
enriched fractions, respectively. Particle-associated reads mapped to
7266 distinct chromosomal regions within 2775 different Pelagi-
bacter reference genomes, allowing us to characterize diverse types
of mobilized regions. Among the 25 best-represented Pelagibacter
reference genomes, an average of 17% (+6.5%) of each genome
(maximum 34.6%) was found in the mobile pool, suggesting that a
notable proportion of total Pelagibacter coding capacity is found
within marine particles at any given time. Individual Pelagibacter DNA
molecules were found across lengths up to 64 kb in the EV-enriched
fraction and 146 kb in the VLP-enriched fraction (Supplementary
Fig. 8a). Specific Pelagibacter content was not equally distributed
between EVs and VLPs; for instance, reads aligning to 9% of reference
genome regions were found exclusively in either the EV-enriched or
VLP-enriched particle fraction (Supplementary Fig. 8b), again

consistent with preferential incorporation of some regions into
specific nanoparticles.

Read recruitment to local Pelagibacter genome regions varied
across five orders of magnitude (Fig. 4a), and coverage levels generally
correlated with the type of element identified. As in the bulk particle
analysis above, the highest-recruiting reference regions (here, corre-
sponding to >1000 particle reads) typically contained Pelagibacter
phage or prophage (Fig. 4b), as well as other viral-like regions ranging
in length from ~10 to >60 kb. The high relative abundance of these
sequences in our data suggests that such Pelagibacter prophages are
commonly mobilized in the environment. Reference genome regions
with moderate coverage levels (e.g., 11-1000 mapped reads) revealed a
variety of other local genomic architectures indicative of both viral-like
and non-viral MGEs. Alignments of particle-associated reads to the
reference genomes served to define the boundaries of tyrosine
recombinase-associated mobile DNA regions such as tycheposons
(Fig. 4c), phage satellites (Fig. 4d), and other classes of integrase-
associated gene regions (Supplementary Fig. 9a-d). Such regions were
frequently located near tRNAs, suggesting potential integration sites,
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and typically contained other common MGE-associated genes such as
primases and helicases (Fig. 4¢, d, Supplementary Fig. S9a-d). In total,
tyrosine recombinases were identified within or proximal to 585 of the
mobilized Pelagibacter genome regions, including families typically
associated with phages, ICEs/PICIs, tycheposons, and VEIME phage
satellites (Supplementary Fig. 10)*****°. Together, these data suggest
that recombinase-associated mobile elements represent a substantial
component of Pelagibacter HGT potential in our sample. Finally,
Pelagibacter reference genome regions with the lowest relative abun-
dance (1-10 reads; Fig. 4a) in the particles were putatively nonspecific
fragments of DNA with no clear MGE hallmark genes (e.g., Fig. 4e, f;
Supplementary Fig. 2c). Such chromosomal-like sequences were found
in both nanoparticle fractions (Fig. 4e-f), indicating the existence of
Pelagibacter transducing EVs and VLPs in the surface ocean. Though
each region in the low-abundance category was individually rare, these
sequences represented a long tail of diversity collectively encoding
~93% of the total overall unique Pelagibacter genetic content in our
dataset.

The distinct cargo capacities of EVs and VLPs may contribute to the
observed partitioning of Pelagibacter regions between particle types.
For instance, an element aligning to a Pelagibacter region encoding a
potential MobA/MobL family protein and closely related to a VEIME
phage satellite was found in distinct forms in EVs vs. VLPs (Fig. 4d). The
element was found as a concatemer within the VLP fraction, as is com-
mon among marine VEIMEs found in viral capsids and which likely
reflects their replication via a plasmid-like rolling circle replication
mechanism?*. The EV-enriched fraction, by contrast, contained only
monomeric versions of this element (Fig. 4d). In another example, reads
recruiting to a Pelagibacter genome were also differentially partitioned
by size. Reads matching this contig from the EV-enriched fraction were
typically ~4.6 kb, whereas the VLP-enriched fraction contained both
these short sequences as well as a set of much longer (40-50 kb)
sequences encoding putative viral genomes (Supplementary Fig. 9e).
Though we cannot rule out that these shorter reads may derive from a
sequencing artifact, the frequency and relatively consistent size of these
elements suggest a possible biological origin and role for the shorter

version. While the active and/or passive mechanisms mediating the
differential packaging seen in either case remain unclear, these exam-
ples further highlight the distinct roles and impacts of elements that
might move through EVs versus within viral capsids.

Particle-associated DNA enables identification of novel candi-
date mobile elements
Horizontally transferred genes are frequently concentrated within
specific local regions of bacterial chromosomes, but many such
regions lack known MGEs®. Thus, there exists a need for additional
methods to identify novel elements. The enrichment of potential MGE-
encoding reads, in their mobilized forms, within particle fractions
suggested that relative read recruitment to reference genomes could
represent a homology-independent metric for MGE discovery. To
examine this possibility, we surveyed highly recruiting genome regions
of less well-characterized marine taxa, which revealed a diverse range
of potential phage/prophage and other MGEs. We then focused on
regions lacking either an annotated integrase/recombinase or with low
homology to known tyrosine recombinases.

One such region identified from the EV-enriched fraction encoded
a novel mobile element within two marine Flavobacteriales isolated
from distinct ocean regions (Fig. 5a). The most highly conserved pro-
tein in these reads was unannotated, but domain-level analysis sug-
gested that it encoded a site-specific recombinase. Phylogenetic
analysis showed this protein forms a novel branch within the tyrosine
recombinases (Fig. 5b) most closely related to the RitB family found in
bacterial MGEs. In both references the putative integrase is found
proximal to a tRNA gene, suggesting a probable integration site. The
particle-associated reads contain few other annotatable genes, though
some short genes surrounding the integrase were conserved across
examples. In addition, some of the longer recruited reads (up to 13 kb)
with this enzyme have a potentially concatemeric structure, similar to
VEIME satellites**.

In another example, our approach identified a potential PICI-like
element within a SAR324 genome (Fig. 5¢). Particle-associated reads
(88 in the EV-enriched fraction and 2 in the VLP-enriched data) aligned
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to a surface ocean SAR324 genome region containing a putative pri-
mase, and encoded a novel branch of the Intsxr family of tyrosine
recombinases found within phages, PICIs, and ICEs* (Fig. 5b). Multiple
reads also contained AlpA-like regulatory proteins associated with
PICIs and phage-inducible chromosomal minimalist islands®’. Though
these individual reads exhibited some general overlap in hallmark gene
content and relative order of the putative integrase and primase, there
was clear variation in gene content including the presence of potential
cargo genes. The reference genome region also contained a second
partial primase enzyme and multiple short regions containing putative
Arm DNA-binding domains found within tyrosine recombinases, per-
haps reflecting a complex evolutionary history of imprecise integra-
tions/excisions. Together, these examples highlight the potential for
reference-guided recruitment analysis of the mobile DNA pool to
provide a homology-independent method for identifying novel repli-
cative mobile elements, serving as a complementary approach to
existing MGE discovery methods.

Discussion

Here we show that EVs and VLPs represent genetically distinct vehi-
cles for HGT in planktonic marine ecosystems. While not all EVs will
contain DNA* and only a subset of VLPs are true transducing
particles?, the vast populations of these oceanic nanoparticles col-
lectively encompass a diverse pool of genetic information available
for microbial gene exchange. Since these discrete packets of DNA
likely serve as major vehicles for moving novel genes to organisms
that are not naturally competent for free DNA uptake, their compo-
sition is critical to deciphering the details of HGT networks in aquatic
systems. HGT dynamics are predicted to be influenced by the het-
erogeneity and diversity of EVs and VLP content we report here, and
need to be considered alongside differences in their physical and
functional properties such as population sizes, host ranges, ability to
protect DNA from environmental damage, and overall stability in the
environment.

Though VLPs harbor longer fragments of DNA than EVs on aver-
age, this does not mean that they necessarily deliver more functional
cargo to a recipient cell. Viruses have strict genetic requirements to
propagate, and viral genomes are comprised of interdependent genes
encoding proteins for structural components, replication, virus
assembly, and other essential functions. Viral genomes, thus, typically
have less space available per particle for auxiliary metabolic genes or
other cargo than EVs, which lack such constraints. Viral transduction of
mispackaged chromosomal segments or foreign mobile elements can
evade these limits, potentially resulting in a particle with the same
content as a vesicle but with different attachment and delivery effi-
ciencies. Viruses are abundant entities in the oceans, but their forma-
tion requires an infection or prophage induction event to occur. EVs,
by contrast, appear to be produced continually by essentially all
microbes during reproduction cycles*’. While evidence suggests that
EVs may be able to deliver DNA across broader taxonomic ranges than
VLPs”, whether this is universally the case remains uncertain. Addi-
tionally, it remains unknown how variations in taxonomic, spatial, or
temporal contexts might impact ultimate HGT outcomes. Biases in the
incorporation of genomic regions into different particle types could
represent a mechanism influencing the movement of genetic infor-
mation between close versus distant relatives. Clearly, there are many
tradeoffs and relevant variables to consider when comparing the
potential dynamics of EV-mediated vs. VLP-mediated HGT in the
oceans, particularly in different ecological contexts and across evolu-
tionary timescales®’.

MGEs make up a highly enriched proportion of the nanoparticle-
associated DNA gene pool, and our data suggest a general role for EVs
and VLPs as vehicles for transporting such elements in planktonic
settings. The role of EVs as carriers of MGEs may either present a
selective constraint on the size of MGEs in the oligotrophic oceans, or

serve to bias the nanoparticle type that can enable a given MGE to
mobilize between cells. Consistent with previous data and models, we
speculate that such size constraints or biases could select for the for-
mation of flexible genomic islands by additive means, rather than
wholesale replacement by large DNA fragments****. Our analysis sug-
gests that individually sequencing different mobile DNA pools repre-
sents a fruitful approach for identifying active mobile elements in an
environmental context, highlighting actively mobilized phage,
prophage, and other MGEs in their respective vectors and replicative
stages. Though our data are generally consistent with previous
hypotheses that the mobility of bacterial chromosomal DNA is rela-
tively limited in comparison to MGE-associated transfer®®, we show
that the diversity of putatively non-MGE-containing DNA in marine
particles is extensive and likely important over evolutionary time-
scales. Directed strategies to access and directly interrogate EVs and
VLP gene contents and DNA fragment context should prove useful for
comprehensively understanding HGT dynamics across the entire
process, from gene acquisition to maintenance, replication, mobiliza-
tion, and selection, in any microbial ecosystem.

Methods

Sample collection and particle purification

Sample collection, filtration, and concentration were described
previously*. Sequences were derived from a 440 L seawater sample
collected from 25 m depth at Station ALOHA (22°45’ N, 158° W) on
Hawaii Ocean Time-series cruise 319 (HOT319), 31 January-1 February
2020. Samples were shipped, stored, and manipulated at 4 °C except
as noted to help maintain the integrity of the high molecular weight
DNA. Briefly, seawater was filtered through a 0.2 uM Supor cartridge
filter (Acropak 500, Pall) and then concentrated by tangential flow
filtration (TFF) over a 30 kDa filter. Particles from the resulting con-
centrate were then pelleted by ultracentrifugation at 32,000 rpm
(~126,000 x g) for 2 hours at 4 °C in a Beckman-Coulter SW32Ti rotor.
Particle fractions were then collected by fractionating the sample
across an iodixanol (Optiprep; Sigma-Aldrich) gradient. For this, suc-
cessive 0.5 mL layers of iodixanol (45%, 40%, 35%, 30%, 25%, 20%, 15%,
and 10%; all in a 3.5% (w/v) NaCl, 3.75 mM TAPS pH 8, 5 mM CaCl, buffer
background) were placed in a 4 mL UltraClear ultracentrifuge tube
(Beckman-Coulter), with the particle sample as the top layer. The
gradient was spun at 45,000 rpm (~200,000 x g) for 6 hours at 4 °C in
a SW60Ti rotor (Beckman-Coulter). Successive 0.4 mL fractions were
collected by pipetting, and their densities were measured.

Fractions between 1.14-1.19 g/mL were pooled to form the EV-
enriched sample (containing both extracellular vesicles and potentially
some non-tailed viruses), and fractions >1.2 g/mL were combined to
form the VLP-enriched sample*>*%, Particles in the tailed phage fraction
were washed twice by diluting with filter-sterilized buffer (3.5% (w/v)
NaCl, 3.75mM TAPS pH 8, 5mM CacCl,) followed by pelleting by
ultracentrifugation (32,000 rpm/~105,000xg, 2 hrs, 4°C, SW60Ti
rotor). Free DNA in Optiprep gradients migrated to upper layers of
~1.1g/mL that were not included in these samples, but which were in
physical proximity to the EV-enriched fraction. While some amount of
DNA may be naturally associated with the surface of vesicles®, to
remove any potential contaminating free DNA samples were treated
with DNase. To do this, particles from the EV-enriched sample were
washed as above, but in 1x PBS buffer, and the sample was incubated
with 2U of TURBO DNase (Invitrogen) at 37 °C for 30 minutes. After a
second round of TURBO DNase treatment as above, the enzyme was
heat-inactivated at 75 °C for 15 minutes. Control DNase reactions with
purified plasmid DNA showed that this procedure resulted in a >10°
fold reduction in the concentration of free DNA as determined by
gPCR. Particle diameters and concentrations were measured using a
Nanosight LM10HS instrument (Malvern/NanoSight), equipped with a
LM14 blue laser module and NTA software V3.1. Three technical
replicate videos (60 s each) were collected from each sample using a
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camera level setting of 11 and analyzed with a threshold setting of 1. In
total, this process recovered ~2.3 x 10" and 2.4 x 10" particles between
50 and 250 nm diameter from the EV-enriched and VLP-enriched
fractions, respectively.

DNA isolation and sequencing

DNA isolation and sequencing for both particle fractions were descri-
bed previously*. Particle lysis and DNA purification were performed in
2 mL screwcap vials using the Qiagen Genomic-tip 20/G protocol and
buffers from the Qiagen Genomic DNA Buffer kit following manu-
facturer’'s recommendations. The column purified DNA was con-
centrated by isopropanol precipitation, and resuspended in 1X TE
buffer (10 mM TrissHCI, pH 8.0; | mM EDTA pH 8.0) before final sto-
rage at 4 °C. Final DNA quantity and quality were assessed initially by
spectrophotometry, and quantified via Quant-iT Picogreen dsDNA
fluorometric assay (Invitrogen). The VLP-enriched sample yielded a
total of 5.1pg of high molecular weight DNA. The total yield for the
corresponding EV-enriched fraction was 8.2 g of high molecular
weight DNA.

VLP-enriched and EV-enriched DNA pools were processed using
the Nanopore Ligation Sequencing Kit (LSK-109, Oxford Nanopore
Technologies, Ltd.) following manufacturer’s instructions for the
processing of high molecular weight DNA. A total of 2 VLP-enriched
libraries were prepared using 2 and 1.5ug of DNA each for the
sequencing runs. All libraries were sequenced on a GridION X5 using
FLO-MIN106 (R 9.4.1) flowcells (Oxford Nanopore Technologies, Ltd.).
Read basecalls were generated from the signal traces using Guppy
v3.0. The sequencing yield for the VLP-enriched fraction totaled 31
Gbp, generating reads with an N50 of 37.67 kbp. The sequencing yield
for the corresponding membrane EV-enriched fraction totaled 46 Gbp,
with an N50 of 4.6 kbp. To aid in error correction, we also generated
short-read sequences from both fractions. To do this, genomic DNA
from each sample was sheared to an average size of 350 bp using a
Covaris M220 Focused-ultrasonicator (Covaris) with Micro AFA fiber
tubes (Covaris #520166). Libraries were sequenced using a 150 bp
paired-end NextSeq High Output V2 reagent kit (lllumina, FC-
404-2004).

Short-read sequence assembly and analysis

Metagenomic assembly of the cellular fraction data was conducted
with metaSPAdes V3.15.5°° on paired-end Illumina sequencing data.
Cellular metagenome coverage was determined by mapping both
short-read and long-read sequencing data from the vesicle and VLP-
enriched data using Bowtie2 V2.5.1°® and minimap2 V2.26 (-x map-
ont)¥’, respectively. Contig coverage from combined sorted and mer-
ged.bam files for each fraction were determined using coverM V0.6.1
(https://github.com/wwood/CoverM) from the single-stranded nano-
pore reads. Overall coverage breadth was calculated as the number of
reference bases to which >1 sample base was mapped divided by the
total number of bases in the assembled reference metagenome, and
per-base coverage of the EV- and VLP-enriched fractions were plotted
using ggplot2.

Sampling saturation was examined by rarefaction. First, reads
were randomly selected at varying depths in triplicate. The metage-
nomic contigs assembled from each particle-enriched fraction were
divided into 25 kb regions, and for each randomly sampled subset of
reads, the number of unique regions to which reads in that subset were
mapped was tallied. The mean number of unique chunks represented
and an associated 95% confidence interval were calculated for each
read depth value and particle fraction.

Nanopore sequence analysis

Frameshifts introduced from Nanopore sequencing error were cor-
rected to the extent possible using the proovframe algorithm v0.9.7%
and Illumina short-read sequences from the identical DNA samples.

The algorithm was only applied to reads from both particle fractions
>1kb, and reads shorter than this were not included in subsequent
analyses. Alignment-free taxonomic classification of reads was carried
out using the GORG-Classifier®’. Detailed reference genome recruit-
ment was carried out using minimap2 V2.26°" (options -Xx map-ont)
against a dataset of microbial genomes from the GORG-Tropics
dataset®”, MARMICRODB™, GTDB release 08-RS214”, and other
sources’>”*. To reduce the impact of spurious short alignments on the
data, the top alignment for each nanopore read was only kept if it had a
match length of > 1000 bp and aligned over >25% of the length of the
read. Reference genome coverage evenness was calculated as Pielou’s
index™ using functions in the vegan R package (V 2.6-4)”. Evenness
statistics were based on number of particle read alignments per 25 kb
genome region, calculated for all genomes with >10 total alignments
across >3 different 25 kb regions.

To identify sequences as viral while minimizing the bycatch of
other types of MGEs that are frequently also identified as viral, we used
a combination of approaches. We counted reads as putatively viral if
they met any one of the following criteria: (1) Were classified as either a
provirus, medium-quality, or high-quality viruses by CheckV 1.0.1%; (2)
Were classified as viral by geNomad’” with a score > 0.9 and >1 hallmark
gene; (3) Had a significant minimap2 alignment (alignment match
length >1000 bp over >25% of the read) to a viral sequence in either the
INPHARED database of viral genomes (version 1 May 2023)"® or a set of
marine assembly-free viral genomes®. This approach is intended to be
conservative but is certainly not foolproof, complicated by factors
including genetic overlap between viral hallmark genes and those
associated with other types of mobile elements; errors in alignment
and classification arising from sequencing error rates and minimap2
alignment filters; and artifacts which could be due to incomplete
sequencing of DNA fragments. Potential plasmid sequences and viral
taxonomy of individual reads were based on geNomad classification.
Statistical analysis and bulk processing of outputs from these algo-
rithms was done in R V4.3.0 using Tidyverse tools” and plotted with
ggplot2%°,

Complete protein sequences were inferred for all proovframe-
corrected reads in both fractions using prodigal V2.6.3* (options -p
meta -c). Protein clusters were generated using MMseqs2 (version
139e4502a9d7056b33698b685c8812d453180627)%%. Family-level pro-
tein clusters were generated at 20% similarity (options -min-seq-id 0.2
-c 0.5 —-cov-mode 2 —cluster-mode 0) and at the individual protein level
at a 90% identity threshold (options -min-seq-id 0.9 -c 0.9 -cov-mode
1 —cluster-mode 2)*. KEGG annotations were obtained by annotating
cluster representative sequences using both eggNOGmapper vV2.1.4-2%
(against the eggnog V5.0 dataset®) and KofamScan against the Feb-
ruary 2023 release of the KOfam database®. KEGG metabolic enzymes
were defined as those annotated to the KEGG BRITE category “B:
Protein families: metabolism”. Gene annotations against the PAROGs
dataset V4% were carried out using the mmseqs2-based pipeline as
indicated by the authors. Additional annotations for individual genes
were carried out using a viral protein function prediction protein
language model®. Protein domains within unannotated proteins were
identified using InterPro®.

Mobile element analysis

Identification of potentially MGE-associated proteins was carried out
by first building sequence profiles of MGE hallmark genes compiled
from mobileOG-db V1.6°°, Viral RefSeq, and genes from PICIs and
Prochlorococcus tycheposons using MMseqs2. MGE hallmark genes in
reference genomes were identified by comparing all prodigal-
identified coding regions against this profile database using
Mmseqs2 (options search -s 7). Hallmark genes in the long reads were
identified similarly, and all reads containing 2 or more sequences with
an annotatable hallmark gene were retained. Due to the size of the
dataset, de novo clustering of reads based on hallmark gene co-
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occurrence was carried out using the cluster_fast_greedy algorithm as
implemented by igraph for R”.

Tyrosine integrase phylogenies were constructed from a set of
tyrosine recombinases extracted from the UniRef50 database (http://
www.uniprot.org/uniref) using HMM models®’; a set of integrases
associated with Prochlorococcus tycheposons and cryptic elements*;
and representative sequences of VEIME-associated integrases* based
on 40% identity clusters as generated by MMSeqs2). Sequences were
aligned with Mafft V7.520 (options —maxiterate 1000 —-genafpair)®?, a
maximum likelihood phylogeny was generated using FastTree v2.1.11
using default settings®, and the tree was plotted using iTOL**.

Plots of nanopore reads against each other and/or reference
genome regions were made in R using gggenomes V0.9.7.9000%. For
each plot, protein clusters were determined using the mmseqs2 easy-
cluster pipeline with default options. tRNA annotations were deter-
mined using tRNAscan-SE V2.0.9°°. Annotations were inferred by
eggNOGmapper (options -sensmode very-sensitive). All-vs-all
nucleotide-level alignments were determined by minimap2 (options
-X -X map-ont).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All original sequence data are available from the NCBI Sequence Read
Archive under Bioproject PRJINA855972. Proovframe-corrected nano-
pore reads and cellular fraction assembled metagenomes can be
obtained from Zenodo record 11551382. Source data are provided with
this paper.
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