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Abstract
Dissolved DNA (D-DNA) is operationally de�ned as DNA that passes through a 0.1 micrometer �lter. It is
composed of vesicles, viruses, and exocellular free DNA (F-DNA) and is ubiquitous in all aquatic systems,
although the sources, sinks, and ecological consequences are largely unknown. Using a method that
provides separation of vesicles, viruses, and F-DNA, we compared open ocean depth pro�les of
metagenomic DNA associated with each fraction. Pelagibacter-like DNA dominated the vesicle fractions
for all samples examined over a depth range of 75–500 m. The viral DNA fraction was composed
predominantly of myovirus-like and podovirus-like DNA, and contained the highest proportion of
unannotated sequences. Euphotic zone F-DNA (75–125 m) contained mostly bacterial and viral
sequences, with bacteria dominating in the mesopelagic (500–1000 m). A high proportion of
mesopelagic (500 and 1000 m) F-DNA sequences appeared to originate from surface waters, including a
large amount of DNA contributed by high-light Prochlorococcus species. Throughout the water-column,
but especially in the mesopelagic, the composition of F-DNA sequences was not always re�ective of co-
occurring microbial communities that inhabit the same sampling depth. These results highlight the
composition of F-DNA in different regions of the water-column (euphotic and mesopelagic zones), with
implications for dissolved organic matter cycling and export (by way of sinking particles and/or
migratory zooplankton) as a delivery mechanism.

Introduction
Nearly half of the DNA in the open ocean is present outside of living organisms (1-4). It is contained
inside of protein-encapsidated viruses, extracellular vesicles, and as the naked molecule itself, free DNA
(F-DNA). Together this DNA that passes a typical �lter (0.2-0.1 µm) is dissolved (D-DNA), the cycling of
labile DNA in the ocean has large-scale consequences for global nutrient cycling, export, and potential for
genetic exchange. DNA in the ocean has been studied from multiple oceanographic perspectives (e.g.
studying environmental DNA for �sheries management, sequencing cellular DNA to identify taxonomic
relationships and to quantify population diversity, quantifying viral diversity and dynamics), making it
challenging to disentangle the various overlapping terminology. While, environmental DNA (eDNA) can
have similar motives of holistically studying an ecosystem, by collecting the remnants of large macro-
organisms (e.g. scales, mucus, and reproductive cells) to better understand which organisms are present
in a given study site (5), it employs the same collection method as cellular analyses (6). DNA such as this,
that is captured on a �lter has been termed, “particulate” DNA (P-DNA; 2), distinguishing it from DNA that
passes a �lter (D-DNA; 7). D-DNA can be thought of as predominantly, “microbial eDNA,” the
manifestation of microbial dynamics (e.g. viral lysis, autolysis, and grazing) and activity in the ocean.

In the open ocean, subtropical gyres comprise 40% of the earth’s surface, yet surface waters there are
deplete of essential elements like nitrogen and phosphorus (8), making D-DNA nutrient-rich organic
nutrients in this system. It can be taken up as whole polydeoxyribonucleotides (>10 kb) (9-11), as well as,
hydrolyzed and broken down to nucleotides and nucleic acid bases (12-14). Alternatively, the genomic
information encoded by D-DNA has the potential to be integrated by natural transformation (15).
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Streamlined genomes are common in oligotrophic systems (16), and are found in many of the
numerically dominant microorganisms (e.g. photoautotrophic Prochlorococcus, heterotrophic
Pelagibacter, UCYN-A, as well as others) inhabiting the North Paci�c Subtropical Gyre (16-19). While these
microorganisms have an advantage in a relatively stable and nutrient-deplete environment (20), they are
more vulnerable to extinction in the face of environmental changes, than organisms with larger genomes
(21). Therefore, genetic exchange is especially important to the survival of microorganisms like
Prochlorococcus and Pelagibacter, evident by variable genomic islands and large pangenomes that are
thought to have emerged by horizontal gene transfer (HGT; 22-23). However, the common mechanisms
(e.g. conjugative systems, plasmids, or transposons) of HGT have yet to be con�rmed in many of these
organisms. In oligotrophic environments, D-DNA may be a source of nutrients or an agent of intracellular
genetic exchange.

One of the largest ecosystems on earth, the North Paci�c Subtropical Gyre (15°N to 35°N latitude and
135°E to 135°W) is home to one of the most well-studied water columns (8) and exhibits relatively low
seasonality (24). Over thirty years of biogeochemical research provides a wealth of interdisciplinary
baseline data: hydrographic data and its implications for thermohaline circulation, metabolic balances,
nutrient cycling, cultured microbial isolates, complex microbial interactions, and export dynamics. More
recently, gene catalogs of both cellular and viral communities throughout the water column at Station
ALOHA have been reported (25), broadening understanding of the distributional patterns of diverse
microbial and viral communities in the open ocean.

While vesicles (26) and viruses, two of the three D-DNA constituents have been previously examined in
open ocean systems, the biological composition and depth origins of F-DNA is relatively uncharacterized.
Primarily due to prior D-DNA isolation methods that utilized low-volume �ltration (27) and chemical
precipitation (7, 28) to isolate bulk D-DNA, these methods pose challenges in acquiring enough DNA to
assemble metagenomic libraries for sequencing, leaving at least 25% of the open ocean DNA inventory
uncharacterized. The average proportion of D-DNA that is either F-DNA, in viruses, or in vesicles is, 45, 35,
and 20%, respectively (29).

To investigate all three D-DNA pools, and their potential contributions to biogeochemistry throughout the
water column, we analyzed all three D-DNA pools throughout the water column of the North Paci�c
Subtropical Gyre. Employing a method (29) that separates the three pools by density, DNA from vesicle,
virus, and F-DNA fractions was sequenced and compared. This study provides the �rst genetic
characterization of the F-DNA pool, alongside the other D-DNA pools, and reveals viral lysis as a plausible
source of F-DNA, and export as a delivery mechanism of DNA to mesopelagic depths.

Results
A. Microbial composition of exocellular free DNA and other D-DNA pools

Summed across six F-DNA samples collected in the North Paci�c Subtropical Gyre, the majority of
annotated genes in DNA-based metagenomic libraries were derived from bacteria and viruses (Figure 1),
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with minimal contributions from Eukarya and Archaea (<1.0 and 1.1%, of all annotated sequences,
respectively). The proportion of F-DNA virus sequences in surface waters ranged 10-35% above or at the
deep chlorophyll maximum (75-125 m), about the same as the proportion of Bacteria (16-34%) over the
same depth range. However, in the mesopelagic zone (250-1000 m), the proportion of F-DNA sequences
from viruses was lower (2-16%) , whereas the proportion of bacterial-derived sequences was higher 38-
45%. Across all F-DNA metagenomic libraries, the microbial assemblage was dominated (69-85% of
family-level annotated sequences) by three main taxonomic groups: Pelagibacteraceae, Myoviridae, and
Prochlorococcus (Figure 1); all of which have been documented as abundant microorganisms in the
North Paci�c Subtropical Gyre (6, 30, 31). Ubiquitous heterotrophs of the family Pelagibacteraceae
contributed an average of 23% of F-DNA sequences over all depths sampled, with a range of 2-46%.
Prochlorococcus represented 43, 42, and 53% of F-DNA sequences collected from 125, 500, and 1000 m,
respectively, and represented an average 23% of family-annotated sequences. Of these Prochlorococcus
sequences (125, 500, and 1000 m) more than 85% were from the high-light (HL) ecotypes (Table S2). The
highest proportion of Myoviridae F-DNA sequences was observed in the upper euphotic zone, 45% (75 m)
and 69% (100 m). Of the viral-derived sequences constituting the F-DNA samples, the majority (>90% of
annotated viral sequences with known hosts) were dominated by viruses known to infect Synechococcus
(38% ±4.6), Prochlorococcus (31% ±4.8), Pelagibacter (16% ±7.2), and other Cyanobacteria (7.9% ±1.3)
(Figure S1). Synechococcus viruses peaked at the deep chlorophyll maximum on two occasions (43%).
Other viruses known to infect SAR116 (5.4% ±2.2) and Vibrio (1.1% ±0.6), were present at much lower
proportions in the F-DNA. F-DNA-derived Vibrio sequences were highest in mesopelagic samples (250;
2.3%, 500; 1.0%, 1000; 1.4%), but were only <1% in euphotic samples.

Among other taxonomic groups contributing to metagenomic F-DNA libraries, Archaeal contribution was
minimal (ranged 0.18-2.03% for all samples). Of those, the most were most highly similar to those of
ammonia-oxidizing Thaumarchaeota (0.02-1.6%), which were most prevalent at depths greater than 100
m. Of the three domains contributing to F-DNA metagenomes, Eukarya was the lowest (0.28-1.45%). The
taxonomic families that were most abundant included heterokont Aureococcus, coccolithophore
Noelaerhabdaceae, and Bathycoccaceae.

DNA from the vesicle D-DNA samples collected throughout the euphotic and mesopelagic zones (75-500
m; Figure 1) was also sequenced and compared. Summed across all samples, Bacteria contributed
overwhelmingly to these metagenomic libraries (77% ±22 all annotated sequences). Viruses, Archaea,
and Eukaryota contributed an average of 18.4, 3.7, 0.6%, respectively to all annotated sequences (Table
S1). Of the bacterial sequences, at the family-level sequences were heavily dominated by Pelagibacter
ubique (81% ±8 of family-level annotated sequences), with only 34% ±12 of sequences left unannotated,
the lowest of all three D-DNA fractions. Other bacterial sequences that contributed to the vesicle samples,
include those from Rhodospirillaceae (2.9%), Rhodobacteraceae (2.7%), Flavobacteriaceae (1.0%), and
Prochlorococcus (0.5%). Viral sequences in the vesicle metagenomic DNA libraries were highest in the
upper euphotic zone and were dominated by both Podoviruses (7%) and Myoviruses (6%).
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Averaged across all virus fraction metagenomic libraries, these samples were dominated by annotated
sequences derived from viruses (Figure 1), consistent with previous reports of this D-DNA fraction
utilizing transmission electron micrographs and epi�uorescence analyses (29). The viral metagenomic
libraries had the lowest number of recovered sequences, many of which were novel and unannotated (61-
73% unannotated across all samples). Recovered genes ranged from 13,080,771-15,551,348, and
averaged at 13,822,361 (±1,071,408) (Table S1). For all samples, viral family-level annotated sequences
were nearly split between Myoviruses (23-38%) and Podoviruses (19-32%), with minimal contributions
from Siphoviruses (4-7%). Of the metagenomic libraries contributing to the viral libraries, Prochlorococcus
phages, other Cyanophages and Pelagibacter phages were the most abundant (Figure S1).
Synechococcus and Prochlorococcus phages dominated the euphotic samples (75-125 m). At the deep
chlorophyll maximum, Synechococcus and Cyanophage sequences in the virus fraction metagemomes
peaked. In mesopelagic samples, Pelagibacter phages and Vibro phages increased in proportion in the
virus fraction. These depths are consistent with both cellular host and as well as virus abundances
previously reported at Station ALOHA (6, 31, 32).

Overall, the DNA-based metagenomic libraries developed from the three dissolved DNA pools were
distinct with respect to their microbial DNA compositions. The vesicle fraction was primarily dominated
by a single taxonomic family (Pelagibacteraceae) across all depths, the viral fraction was dominated by
bacteriophages, and lastly the exocellular F-DNA pool had both bacterial and viral derived DNA. While
DNA from the former two pools have been previously described by metagenomic analyses, the
composition DNA in the F-DNA fraction has not been previously reported.

B. Depth of origin of D-DNA throughout the water column

To infer the depths of origin of different D-DNA fractions, we mapped DNA sequences against a depth-
resolved microbial gene catalogue from Station ALOHA (Figure 2; 6, 25, 31). The objective was to
determine whether genes from the D-DNA fractions matched Station ALOHA genes recovered from the
same sampling depths as the D-DNA, or whether the D-DNA was potentially transported from other
depths.

The viral samples were most similar to Station ALOHA annotated genes, that matched the depth at which
they were collected. This was particularly evident in the mesopelagic zone samples collected from 250-
500 m (Figure 2). In these samples 25% of the genes were derived from their respective collection depths,
with only 13% from the euphotic zone (5-200 m). Viral samples collected from the DCM had high
contributions from typical DCM depths (100-175 m; 29-36%), as well as neighboring upper euphotic (5-75
m; 15%) and upper mesopelagic zones (200-250 m; 13%), with only 1% from the lower mesopelagic zone
(500-1000 m). Of the three D-DNA fractions, the viral samples had the highest average of genes with
unknown depths (43% ±4.5%).

In contrast to the viral samples, the vesicle and F-DNA samples appeared to contain both autochthonous
and allochthonous DNA (Figure 2). In the euphotic zone samples (75-125 m), as expected, sequences
were dominated (>50%) by surface-derived DNA (5-200 m), with minimal mesopelagic zone contributions
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(<10%). However, in mesopelagic zone vesicle and F-DNA samples (250-1000 m), genes originated
primarily from the upper euphotic zone (5-75 m; >30%), and to a lesser extent (<20%) the depth from
which they were collected. Of these mesopelagic zone samples, the shallowest F-DNA sample (250 m)
had the most depth-diverse genes, originating from depths throughout the euphotic and mesopelagic
zones (5-500 m).

C. Size distributions of environmental F-DNA through the water column

The size spectra of recovered F-DNA was measured by capillary electrophoresis, following density
gradient separation and buffer exchange. Seven F-DNA samples collected throughout the euphotic and
mesopelagic zones (5-1000 m) were measured to assess the degradation of samples and molecular
weight distributions prior to sequencing (Figure 3). Samples collected in the upper euphotic zone (5-100
m) had a distinct peak (<5000 bp peak width) of high molecular weight F-DNA (HMW; referred to here as
>1,000 bp) and a lower proportion of low molecular weight (LMW; <1,000 bp) F-DNA, ranging between 24-
38%, compared to mesopelagic zone (250-1000 m) samples which ranged between 33-65%. In these
upper euphotic zone samples, there was a high proportion of F-DNA 1000-40,000 bp (62-73%), whereas in
mesopelagic zone samples this HMW F-DNA tended to be lower (48% average, 35-66%). Lower euphotic
(125 m) and mesopelagic zone samples (250-1000 m) tended to have a broader range of F-DNA sizes,
suggesting that this DNA may have been degraded. In mesopelagic zone samples, the HMW F-DNA
decreased, the maximum peaks of HMW-DNA in samples 250-1000 m were less distinct (>10,000 bp peak
width) and there was more F-DNA between peaks. In samples 5-100 m, <25% of the DNA was <350 bp. At
1000 m the peaks were unpronounced, suggesting a notable level of degradation in this deep sample.

D. Comparing vesicle, viral, and F-DNA fractions by non-metric multidimensional scaling

To compare all dissolved DNA fractions (vesicles, viruses, and F-DNA) with each other and previously
reported Station ALOHA viral and P-DNA metagenomic sequences, two-dimensional ordination methods
were employed. Bray-Curtis dissimilarity based non-metric multidimensional scaling (NMDS) of dissolved
DNA and the Station ALOHA gene catalogue (Figure S2a & b, respectively; 0.02 µm �ltered “viral” and 0.2
µm �ltered “cellular” communities) microbial communities were compared on family-level annotated
metagenomes. This comparison con�rmed that the viral D-DNA samples collected in this study were
similar in composition to previously characterized Station ALOHA virioplankton communities recovered
from the same respective depths (Figure S2a, stress = 0.11). As for F-DNA sequences, upper euphotic
zone samples (75-100 m) clustered with their respective Station ALOHA viral samples, whereas lower
euphotic (125 m) and mesopelagic zone (250-1000 m) samples clustered together and not with their
respective sample depths. Similarly, vesicle D-DNA did not cluster with any Station ALOHA viral samples.

The same D-DNA sequences were compared to the cellular microbial community genes utilizing NMDS
(stress = 0.07; Figure S2b). From this analysis two distinct cellular communities emerged, euphotic (75-
125 m) and mesopelagic (250-1000 m) Station ALOHA samples clustered together, in general consistent
with previous reports (6). Viral D-DNA did not cluster with any Station ALOHA cellular communities.
Similarly, F-DNA fractions did not cluster with their respective Station ALOHA depths, deep F-DNA
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samples (500 and 1000 m) clustered with cellular communities �ltered from 75 m, revealing a potential
cellular origin of this F-DNA. Upper mesopelagic (250 m) F-DNA clustered nearest cellular metagenomes
collected from 125 m. Surface (75 m) vesicle D-DNA clustered with euphotic zone cellular communities,
whereas lower euphotic (125 m) and mesopelagic (500 m) vesicles samples clustered with mesopelagic
Station ALOHA cellular samples. D-DNA samples that had high proportions of viral sequences (Figure 1)
clustered together (Figure S2b; viral D-DNA, 100 m F-DNA, and total dissolved DNA from 100 and 250 m).

Discussion
Describing the various forms of D-DNA in the ocean is important in order to better understand the
diversity of marine life and microbial dynamics. Here we show that D-DNA is comprised of three distinct
pools: vesicles, viruses, and exocellular F-DNA. Recent work has characterized viral communities are
found throughout the water column (31-33) as well as vesicles as a potential mode of mobile gene
element transfer (34). The vesicle D-DNA pool was anticipated to be well represented by DNA from the
cyanobacterium Prochlorococcus (26, 35), yet Prochlorococcus appeared to contribute to only 0.5-1% of
the annotated sequences. Instead, the vesicle-derived DNA sequences were dominated by DNA derived
from the ubiquitous heterotrophic bacterial family Pelagibacteraceae. The predominance of Pelagibacter
in the vesicle pool may have several explanations. This DNA fraction could be derived in part from intact
ultra-small Pelagibacter cells (<0.1 µm), or directly from Pelagibacter vesicles. It has been recently
documented that structures resembling vesicles were produced by Pelagibacter (36, 37).  There were
several differences in our study design compared to previous vesicle studies in marine plankton (26,35),
that may account in part for these results.  These differences include our use of a 0.1 µm pre�lter
(compared to 0.2 µm pre�lters used in previous studies), and our use of CsCl density gradients, compared
to Iodixanol gradients (26, 35). Consistent with previous virome reports from the North Paci�c Subtropical
Gyre (31, 33), the virus fraction was dominated by viruses related to those that infect Prochlorococcus
and Pelagibacter (Figure S1).

Our results reveal the �rst metagenomic characterization of F-DNA, alongside two other D-DNA pools,
vesicles and viruses. The importance of further characterizing the F-DNA fraction is compounded by
recent discoveries of the other D-DNA pools (viruses and vesicles) as potential vectors of genetic
exchange in the marine environment (34) and cyanobacterial pili capable of utilizing exogenous DNA (38,
39).

Exocellular microbial-derived DNA is not unique to the open ocean (3, 7, 29, 40). Terminology may vary,
but F-DNA has also been reported in marine sediments (41) and terrestrial soils (42), even contributing
90% of the total DNA pool in marine sediments (43). Vibrio cholerae are known to take up exogenous
DNA from dead cells, which is thought to shape antibiotic resistance, surface colonization, and
intercellular communication (44). Cell-free DNA has also been documented in the human bloodstream, in
some cases it originates from tumor cells, and can be used as a noninvasive cancer diagnosis (45). Free
nucleic acids in the form of viroids (RNA) are even capable of causing infection in higher plants (46).
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Across microbial systems, a variety of functions have been attributed to cell-free DNA, exemplifying the
vast evolutionary and ecological potential F-DNA may have in the open ocean.

In the open ocean, F-DNA accounts for 25-50% of total D-DNA (29), and has been shown to be rapidly
consumed by microorganisms (12, 14, 40, 47). Whether it is used primarily as a nutrient source or for
genetic exchange remains largely unknown. Previous work comparing the turnover of D-DNA pools,
indicates that F-DNA is taken up more quickly than DNA inside of viruses (40, 48), suggesting it may be
more readily available than structurally enclosed D-DNA. Our investigation into F-DNA reveals that there
are different microbial sources for this material at the surface (75-125 m) versus the mesopelagic (250-
1000 m), implicating distinct ecological and evolutionary consequences.

At the surface, F-DNA sequences were dominated by viral and bacterial sequences – a possible
manifestation of active viral lysis. Viral lysis is thought to be the dominant mode of viral replication at the
surface, while there is evidence (viral gene markers – integrase, repressor protein cI, and excisionase) that
temperate phage may be more prevalent below the deep chlorophyll maximum (33). At depth, cell
abundances and primary production are lower than at the surface (8), providing less energy and fewer
hosts for viral replication (31, 49, 50). This depth-distinction in viral replication at Station ALOHA
coincides with the marked decrease in viral-derived F-DNA sequences in the mesopelagic, the same
depths fewer free phage sequences (0.02 µm �ltered) are observed (33). Conversely, when cells are lysed
the contents of the cell and viral machinery are exposed and spill into the open-ocean. Thus all DNA that
was enclosed by the cellular membrane, both viral and cellular DNA may become F-DNA after lysis.
Indeed, viral lysis has been documented as a production mechanism of both total D-DNA (51) and F-DNA
(40, 48). Furthermore, an experiment documenting the production of free ribosomes following viral lysis
of Synechococcus, supports the possibility that viral lysis may be an important process introducing other
free nucleic acids into the marine environment (52). Interrupted phage packaging has not yet been
explicitly described in marine systems, but there is evidence of unpackaged DNA from nuclease
treatments following cyanophage infection of dominant picocyanobacteria (53,54), as well as in other
microbial systems (55, 56). Together, our results suggest that viral lysis of bacterial cells at the surface
may be important to the production of F-DNA in the open-ocean. Protozoan grazing (12, 51) and cell
exudates (47, 57) have also been shown to result in increased D-DNA and might also play important roles
in the production of F-DNA in the open-ocean. More research, separating the D-DNA pools is needed to
uncover the source and dynamics behind these production mechanisms.

The high proportion of surface-originated sequences in mesopelagic F-DNA sequences, suggests
downward export of either cells, or free-DNA,  as a delivery mechanism (Figure 2). The exact mechanisms
of F-DNA delivery to the mesopelagic have yet to be documented. Potential mechanisms suggested by
previous work include: sediment trap and water column metagenomic analyses (6, 58), �ux calculations
of sinking particle disaggregation and degradation (59, 60), and migratory zooplankton (61). All of these
mechanisms begin by de�ning the source of F-DNA, which presumably originates from autochthonous
particulate DNA (P-DNA; includes cellular DNA, detrital DNA, and eDNA), re�ecting the microbial
communities present at the collection depth, or from allochthonous P-DNA. Recently, surface-originated P-
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DNA (as �ltered cells) has been documented in the mesopelagic. One such report found Prochlorococcus
sequences �ltered from sediment traps at Station ALOHA (58), and was hypothesized to be due to
entrainment on particles or in fecal pellets. Additionally, a recent investigation of core microbiome
populations at Station ALOHA consistently found high-light Prochlorococcus ecotypes originating from
the upper euphotic, at 500-1000 m in the P-DNA at Station ALOHA (6). Consistent with this observation,
our work demonstrates that high-light Prochlorococcus also dominate the F-DNA metagenomes at similar
depths (Table S2), implicating a surface water export.

With this evidence of surface P-DNA exported from the surface, rapid surface turnover of free DNA, and
mobilization by migratory zooplankton, it is presumed that the majority of DNA leaves the surface in the
particulate phase, rather than dissolved. Following the sinking of P-DNA, it is hypothesized that particles
disaggregate biologically and/or mechanically rather than on-particle degradation (60), and
remineralization occurs by free-living or suspended microorganisms in the water-column (62). This theory
is supported by studies investigating carbon �ux, nutrient content of particles, on-particle metabolic
activity, and accompanying models. Measurements of biomass production (particulate ATP) found there
was a net loss of living material on particles (62). Alongside organic nutrient measurements it was
concluded that sinking particles were not likely to be sites of active microbial decomposition. Similarly,
Collins et al. (2015) compared on-particle metabolic activity to the metabolic demand of the water
column itself. They found that the measurement of on-particle degradation could not account for particle
�ux attenuation, suggesting that microbial decomposition occurs in the water column rather than on
particles.

By estimating the �ux of particulate DNA out of the euphotic zone, delivery of DNA to mesopelagic depths
(by route of sinking particles) can be estimated (Supplementary equation 1). This calculation assumes:
(1) P-DNA becomes F-DNA by disaggregation rather than on-particle degradation (60); (2) the �ux
conforms to a Martin Curve (63); (3) adheres to export e�ciency and �ux attenuation values determined
from decades of production and export analyses at Station ALOHA (64); and (4) steady-state. This
calculation predicts that the daily �ux of DNA at 500 m is approximately 12-24% of the concentrations of
F-DNA reported at 500 m and 3-8% at 1000 m (Figure 4; Supplementary equation 1; 29, 40). This
calculation is consistent with our �nding of 19% and 10% of the 500 m and 1000 m F-DNA annotated
sequences were derived from surface-originated Prochlorococcus. Despite their small size,
picophytoplankton like Prochlorococcus that dominate primary production in oligotrophic oceans are
theorized to contribute proportional carbon export values (59). This suggests that carbon exported from
the surface ocean is likely to be directly or indirectly derived from Prochlorococcus and other primary
producers, therefore surface-derived sequences are likely to contribute signi�cantly to mesopelagic F-
DNA.

However, analyses revealed that F-DNA from 500 and 1000 m had more surface-derived sequences than
the Martin curve and �eld data (65, 66) predicts, 67 and 46% euphotic-derived (0-200 m) sequences,
respectively. If we assume that gene annotations accurately re�ect D-DNA depth origins, there remains a
signi�cant fraction unaccounted for, suggesting other mechanisms may supplement F-DNA delivery to
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the mesopelagic. Delivery and F-DNA standing stocks may also depend on depth-dependent turnover
rates of F-DNA, which are still not well constrained. Another important consideration is water mass
controls on the supply of surface F-DNA. It is theorized based upon decades of salinity and temperature
measurements at Station ALOHA (67) that the water column is comprised of distinct water masses. From
this, it is hypothesized that surface waters in the northwestern Paci�c supply the North Paci�c
Intermediate Water which manifests at Station ALOHA around 500-770 m (68). This water mass is
estimated to have been in contact with the atmosphere only 30-60 years ago according to a study (69)
that used transient tracers to estimate apparent water mass age at Station ALOHA. This provides
evidence for other additional delivery mechanisms of surface DNA to the mesopelagic.

Other possible mechanisms delivering surface DNA to the mesopelagic may be more episodic in nature,
for example: the passage and disaggregation of organic matter like the summer export pulse (70, 71),
migratory zooplankton (61), and aggregates formed by picophytoplankton transparent exopolymer
particles (72) and/or clay-ballasted particles (73). Recent analyses of abyssal sinking particles (collected
at 4000 m) at Station ALOHA found that the organic carbon-speci�c energy was relatively high and
energy-replete suggesting that deep organic carbon may be surface-derived (64). Together, our �ndings
and past reports highlight that surface and mesopelagic microbial communities may be more vertically
connected than previously thought. Investigations of the mechanisms delivering F-DNA and other labile
DOM constituents, is critical for expanding our understanding of water column dynamics and the
biological carbon pump.

Our research utilized a new method (29) for separating ecologically important pools of D-DNA, and
preliminary analyses of DNA sequences found in water column pro�les of the different fractions of
vesicles, viruses, and exocellular F-DNA. The results highlight the potential ecological contributions of D-
DNA with respect to the cycling of limiting nutrients (nitrogen and phosphorus) in the open-ocean, as well
as carrying mobile genetic elements. While these results have important implications, more research into
the dynamics of F-DNA is required to understand how this molecule is produced, its connection to
microbially-mediated food webs, and its capacity to carry surface microbial genes to mesopelagic
depths.

Methods
Sample collection

Seawater samples were collected during three cruises near Station ALOHA (22°45’N, 158°00’W), R/V Kilo
Moana cruise HOT297 (November 2017), R/V Falkor cruise FK180310 (April 2018), and R/V Ka’imikai-O-
Kanaloa cruise HOT302 (May 2018) using standard Niskin-type bottles. Dissolved DNA samples (D-DNA;
vesicles, viruses, and free DNA) were collected and separated following (Linney et al. 2021). This method
includes three primary steps: (1) pre�ltration directly from the Niskin-type bottles through a double-
layered 0.1 µm polyethersulfone (PES) capsule �lter, (2) concentration by tangential �ow ultra�ltration
(30 kDa) down to ~1 mL (3) D-DNA separation by density gradient ultracentrifugation in cesium chloride.
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Following separation, D-DNA constituents are buffer exchanged with either TE (vesicles and F-DNA: 10
mM Tris-HCl, 1 mM disodium EDTA, pH 7.5) or SM (viruses: 100 mM sodium chloride, 8 mM magnesium
sulfate, 50 mM Tris-HCl pH 7.5) buffers. This method ensures that all D-DNA constituents are collected
from the same sample, enabling comparison.

Molecular weight determination of environmental F-DNA

The size distributions of isolated F-DNA was analyzed by capillary electrophoresis (Fragment Analyzer™
Automated CE System; Advanced Analytical Technologies, Incorporated) with a 33 cm capillary using the
High Sensitivity Genomic DNA Analysis Kit. Samples were run following the manufacturer’s instructions
(protocol DNF-488-33). Digital sample peaks (electropherograms) were generated by ProSize 2.0
software.

DNA extraction and puri�cation

DNA was extracted from viruses, vesicles, and exocellular “free” DNA (100 µL each sample) by �rst lysing
and digesting membrane in sucrose lysis buffer (�nal concentrations: 40 mM EDTA, 50 mM Tris (pH 8.3)
and 0.75 M sucrose, and lysozyme (0.5 mg ml-1 �nal concentration), at 37°C for 30 min. Proteinase K (0.8
mg ml-1 �nal concentration) and SDS (0.8% �nal concentration), and the lysate was further incubated at
55°C for 2 hours. The DNA was puri�ed using a Chemagen MSM I instrument with the Saliva DNA CMG-
1037 kit (Perkin Elmer, Waltham, MA). DNA and sequencing library sample quantity and quality were
assessed by PicoGreen dsDNA quantitation (Invitrogen, Waltham MA), and by capillary electrophoresis
using a Fragment Analyzer™ Automated CE System, protocol DNF-488-33.

Metagenomic library preparation

D-DNA (vesicles, viruses, and free DNA) metagenomic libraries were prepared using a semi-automated
EPmotion instrument with TruSeq Nano DNA library preparation kit (15041110), DNA input per sample 2
ng/uL sheared to an average size of 350 bp utilizing a Covaris M220 focused ultrasonicator following
manufacturer’s recommendations with modi�cations to shear time to target 350 bp, and Microtube-50
AFA �ber tubes. (For some selected samples that had bimodal DNA size distributions two sequencing
libraries were prepared, one with DNA shearing, and one without DNA shearing). Metagenome sequencing
libraries were prepared using Illumina’s TruSeq Nano LT library preparation kit, and sequenced on an
Illumina Nextseq500 system, using V2 high output 300 cycle reagent kit, with addition of 1% of a PhiX
control.

DNA sequence analysis and annotation

Sequenced D-DNA reads were �ltered and trimmed for quality using the iu-�lter-quality-minoche tool (74)
from illumina-utils (75). Quality �ltered reads were identi�ed and counted by mapping against the ALOHA
2.0 metagenomic reference gene catalog (25, 31) using lastal (76). The output of read mapping against
the ALOHA 2.0 gene catalog generated a gene count table for each D-DNA dataset (Dataset S1). Gene
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counts in all samples were normalized by the total number of mapped genes. The family-level taxonomic
abundance was measured by the number of gene counts assigned to each microbial family. The relative
abundances of quality controlled D-DNA gene counts were used to assess variation among D-DNA
sample types (vesicle, virus, and F-DNA) and across the water column (75-1000 m). The most abundant
(“major”) bacterial and viral families were determined by a contribution of >0.5% (cutoff) to all D-DNA
samples (Dataset S2), and were compiled into proportional gene count tables. These assessments
revealed the microbial sources of the D-DNA samples, as well as the viral hosts (Dataset S3) and
Prochlorococcus HL ecotype proportion (Dataset S4).

To estimate the proportion of D-DNA sequences from each metagenomic sample that originated from a
particular water column depth (0-4000 m), we compared the normalized coverage the ALOHA 2.0
catalog (25, 31) had at each depth in the ALOHA 2.0 survey to the normalized coverage of each gene in
our samples. First we calculated the probability that a sequence matching a given gene originated at a
given depth as the ratio of the coverage of that gene at that depth to the total coverage of the gene. Next,
for all depths, we multiplied that probability by the normalized coverage for each gene in our
metagenomic D-DNA samples to get the portion of that coverage that likely originated at each depth. The
coverages, now portioned by probable depth origin, were then aggregated by domain (Bacteria, Archaea,
Eukaryote, Viral, or unknown) to better understand potential source patterns.

Comparison to cellular and viral datasets collected from Station ALOHA

All D-DNA gene count tables (vesicles, viruses, and free DNA) were combined and mapped to previously
reported cellular (25) and viral (31) ALOHA 2.0 metagenomic reference gene catalogs collected on
multiple Hawaii Ocean Time-series (HOT) research cruises, from the same depths at Station ALOHA (75,
100, 125, 250, 500, 1000 m). Separate analyses were conducted to compare D-DNA with cellular and viral
HOT samples. Read counts per taxonomic clade were normalized by calculating their proportions relative
to the total number of mapped gene counts per sample. Normalized values were compiled in a
proportional order-level count table and square root transformed. Two-dimensional ordination methods
were used on normalized count tables to compare D-DNA datasets to cellular and viral samples from the
same depths. To visualize distances, non-metric multidimensional scaling (NMDS) plots were generated
using the metaMDS function and Bray-Curtis distance matrices constructed from normalized gene counts
in the VEGAN R package.
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Figures

Figure 1

Taxonomic annotation of metagenomic sequences from the three dissolved DNA constituents collected
from the North Paci�c Subtropical Gyre. (A) Domain-level taxonomic composition and proportion of
unannotated sequences for each sample. (B) Family-level taxonomic composition of three dissolved DNA
constituents (vesicles, viruses, and exocellular free DNA). The low-density vesicle constituents were
collected from three euphotic and mesopelagic depths (75, 125, and 500 m). Viral fractions were
collected from �ve depths (75, 100, 125, 250, and 500 m) in the North Paci�c Subtropical Gyre.
Exocellular F-DNA samples were collected from six depths (75, 100, 125, 250, 500, and 1000 m).
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Figure 2

Annotation of D-DNA metagenomic sequences suggests their probable depths of origin. Best sequence
matches to the ALOHA 2.0 gene catalogue (and their corresponding sampling depths) were used to
assign the probable depth of origin to individual D-DNA metagenomic sequence reads. The size of the pie
chart is proportional to the total number of D-DNA metagenomic reads, whose best match is to Station
ALOHA gene originating from a given corresponding water depth.
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Figure 3

Fragment analysis of F-DNA samples from the North Paci�c Subtropical Gyre. Relative �uorescence unit
of each sample used to normalize and calculate proportion. Molecular weight values shown from 75-
50,000 basepairs according to Agilent DNF-488-0500 protocol sizing range. Samples collected above the
deep chlorophyll maximum (125 m) had more distinct peaks, samples below had a larger range of sizes
indicative of degradation.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

DatasetS1.xlsx

DatasetS2.xlsx

DatasetS3.xlsx

DatasetS4.xlsx

SupplementaryMaterial.pdf

https://assets.researchsquare.com/files/rs-431074/v1/ed4bd78e0f966260ec6c9dea.xlsx
https://assets.researchsquare.com/files/rs-431074/v1/ed0d7a1aba1c4b45f6f6224c.xlsx
https://assets.researchsquare.com/files/rs-431074/v1/d45a763156850d6e4788e79c.xlsx
https://assets.researchsquare.com/files/rs-431074/v1/d0fdeeef42b4d6ad3b95392b.xlsx
https://assets.researchsquare.com/files/rs-431074/v1/afafceb84f2a1d5ecabdd15d.pdf

