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Abstract
Despite their importance in shaping the structure and function of marine microbial food webs, little is known

about factors regulating marine virus abundance. Previous work demonstrated clearance of laboratory-cultured
Emiliania huxleyi virus by the appendicularian Oikopleura dioica; however, the applicability of this interaction to natural
virus assemblages was not investigated. Here, we conducted controlled laboratory experiments using O. dioica and
mesocosm water containing natural virus assemblages with high densities of virus, and measured removal of virus by
O. dioica using both flow cytometry and molecular methods. Bayesian models based on flow cytometry quantification
of virus particles demonstrated efficient removal of viruses (mean 90.3 mL ind�1 d�1), with a clearance efficiency of
42.6% relative to food algae. Molecular detection of virus removal by quantification of viral mcp gene copies revealed a
mean clearance rate of 68.1 mL ind�1 d�1. Fecal pellets from these experiments demonstrated that viruses in fecal pel-
lets retain infectivity despite passage through the O. dioica gut. Shotgun metavirome analysis demonstrated O. dioica
removal of large virus groups, notably the Phycodnaviridae. The results demonstrate the removal of E. huxleyi virus
from natural virus assemblages by O. dioica and the maintenance of viral infectivity when incorporated into fecal pel-
lets, prompting further investigation on the fate of fecal-packaged viruses and their impact on host dynamics. Further-
more, our results indicate the generality of this interaction for other large algal viruses, raising questions about the
implications of this mechanism of marine virus redistribution on the broader marine virus community.

Viruses are hugely abundant and richly diverse in the vast
marine environment (Breitbart 2012; Breitbart et al. 2018).
While there is a considerable body of evidence supporting the

importance of marine viruses in the regulation of marine
microbial diversity (Tarutani et al. 2000; Weinbauer and
Rassoulzadegan 2004; Marston et al. 2012; Martiny et al. 2014)
and function (Brussaard et al. 2008; Rohwer and Thurber 2009),
a full understanding of the factors that regulate the abundance
of marine virus populations in the water column is deficient
(Thingstad 2000; Short 2012). Although virus decay (Noble and
Fuhrman 1999 and references therein) and the sinking of
infected host cells (Lawrence et al. 2002) are two mechanisms
by which the abundance of some marine viruses are regulated,
little is known about the general mechanisms of virus particle
removal from the water column. A more complete understand-
ing of virus removal factors (Mojica and Brussaard 2014) would
contribute to more accurate estimates of the viral production
rates required to offset these losses, and the net impact of
viruses in the global ocean biosphere.

In a previous study, we demonstrated that the mesozo-
oplankton Oikopleura dioica (Chordata: Tunicata) can efficiently
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remove the Emiliania huxleyi virus (hereafter referred to as
“virus”) from seawater during normal feeding in laboratory
incubations (Lawrence et al. 2018). Despite the small size of
virus particles (160–180 nm equivalent spherical diameter;
Castberg et al. 2002), the intricate structure of the mucus
net “house” that O. dioica uses to capture and concentrate
food particles (Deibel and Powell 1987) enables it to effi-
ciently remove the virus from seawater with clearance rates
of 2–50 mL ind�1 d�1 (Lawrence et al. 2018). Furthermore,
the detection of E. huxleyi virus DNA in the gut, discarded
houses, and fecal pellets of O. dioica raises questions about
the role of O. dioica feeding in the ecological trajectory of
virus particles. The spatiotemporal coincidence of O. dioica,
E. huxleyi and its virus in surface waters, in combination
with the high potential flux of O. dioica houses (approx. 6–
20 houses ind�1 d�1) and fecal pellets (20–60 ind�1 d�1),
suggests that the removal and/or redistribution of virus par-
ticles by O. dioica may alter interactions between the virus
and its host, with unknown consequences (Gonz�alez
et al. 1994; Bratbak et al. 1995; Gorsky and Fenaux 1998;
Sato et al. 2001; Båmstedt et al. 2005; Dagg and Brown 2005;
Troedsson et al. 2007). Studies examining virus interactions
with other nonhost macrofaunal organisms emphasize
these interactions as important, but overlooked, virus
removal factors in the marine environment (Frada
et al. 2014; Welsh et al. 2020).

In June 2018, we were presented with the opportunity to
obtain samples from an independent seawater mesocosm
experiment designed to achieve a nutrient-induced E. huxleyi
bloom with concomitant virus-induced bloom crash (Vincent
et al. 2020). Capitalizing on this, we performed a clearance
experiment with cultured O. dioica incubated in mesocosm
seawater containing natural virus assemblages, including near
bloom-peak densities of the E. huxleyi virus. This permitted us
to assess the interaction between O. dioica and this virus in a
mixed virus assemblage, as well as the fate of virus particles
trapped in O. dioica fecal pellets. We proposed the following
research questions:

1. Does O. dioica remove the virus from the mixed natural
virus assemblages present at the peak of an E. huxleyi
bloom?

2. Do virus particles trapped in O. dioica fecal pellets retain
their infectivity?

We hypothesized that clearance by O. dioica of E. huxleyi
virus in mixed natural virus assemblages would occur at rates
similar to those observed for controlled laboratory clearance
experiments (Lawrence et al. 2018). Furthermore, we hypothe-
sized that some fraction of the virus particles passed in
O. dioica fecal pellets would retain infectivity for host
E. huxleyi, thus confirming the O. dioica–virus interaction as a
potential mechanism for vertical redistribution of the virus in
the marine environment. We discuss the possible implications

of our findings in terms of the impact on viral ecology and
the potential fates of viral particles within the marine
environment.

Materials
Seawater mesocosms

A mesocosm experiment was conducted at the Espegrend
Marine Biological Station (University of Bergen) from 22 May
to 18 June 2018 (duration of 23 d). In brief, four 11 m3

reinforced transparent polyethylene mesocosm bags (2 m
diameter � 4 m depth) (Egge and Aksnes 1992) were filled
with surrounding fjord water (Raunefjorden, 60.38�N; 5.28�E)
from a depth of ~ 5 m by pump and left open to the atmo-
sphere for the duration of the experiment. Circulation within
bags was maintained using an AirLift system (Castberg
et al. 2001). Inorganic nutrient additions were performed to
stimulate a bloom of the coccolithophore E. huxleyi from the
natural marine phytoplankton communities present at this
site. Nitrate (1.6 μM NaNO3) and phosphate (0.1 μM KH2PO4)
were added on experimental days 0–5 and 14–17. In addition,
nitrate alone (1.6 μM NaNO3) was added on experimental days
6, 7, and 13. Cumulative nutrient additions were 20.8 μM
nitrate and 1 μM phosphate.

Animal culturing
Cultures of O. dioica were obtained from the Appendicularian

Facility at the Sars International Centre for Marine Molecular
Biology at the University of Bergen. One day post-spawn cultures
were transferred to the Espegrend Marine Biological Station and
maintained in a climate-controlled culturing facility according to
established methods (Bouquet et al. 2009). All culture mainte-
nance and experimental incubations were conducted at 14�C, at
which the generation time of O. dioica is approx. 6 d. As previous
clearance experiments using O. dioica and the E. huxleyi virus
with the same culturing conditions demonstrated maximum
virus clearance by 5-d-old (D5) O. dioica animals (Lawrence
et al. 2018), D5 animals were used for the present study.

Clearance experiment design
To assess virus removal from natural virus assemblages,

O. dioica was incubated in water collected from mesocosm
bags around the time of the E. huxleyi/E. huxleyi virus bloom
peak (experimental day 18, 11 June 2018) when virus density
was ~ 2 � 107 mL�1 (Vincent et al. 2020). Six liters of water
from each of four mesocosm bags (M1–M4) were collected and
pooled. This 24-liter pooled water sample was prefiltered
through a 10-μm nitex mesh prior to serial filtration through a
3-μm polycarbonate and GF/F filters (Whatman) (142-mm
diameter) to remove all potential host phytoplankton cells
(host-free water). A previous study determined the equivalent
spherical diameter of E. huxleyi to be 4.7 μm (Hansen
et al. 1996), therefore we chose 3-μm filters in combination
with GF/F filters (effective pore size 0.7 μm) to remove
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nanophytoplankton cells, including E. huxleyi, from incuba-
tion water while allowing viruses to pass through. Four liters
of host-free water were dispensed into each of six 8-liter poly-
carbonate beakers (Bouquet et al. 2009), three of which were
randomly chosen to serve as experimental beakers, while the
remaining three served as control beakers (see below). Temper-
ature and salinity of host-free water were determined to be
16�C and 30.3 ppm, respectively. Isochrysis galbana was added
at a final concentration of 8000 cells mL�1 as food algae to all
six beakers. Developmental stage D5 O. dioica animals were
gently transferred by wide-bore pipette into the three experi-
mental beakers to achieve a density of 20 O. dioica individuals
per liter (Lawrence et al. 2018). The remaining three beakers
were kept without animal addition to serve as negative control
experimental incubations. The start of the clearance experi-
ment (T0) was set to 30 min after the completion of animal
transfer to allow animals to recover from transfer stress and
commence normal feeding. All incubations, including nega-
tive controls, were kept at constant temperature (14�C) with
gentle stirring (Bouquet et al. 2009). Beakers were visually
monitored for sexually mature (nonfeeding) individuals,
which were immediately removed by gentle pipetting to avoid
spawning and replaced with a fresh D5 animal from a mainte-
nance culture. Animal replacement was completed within
1.5 h of the start and did not result in the replacement of
more than 10% of the initial population (data not shown).
Water samples were collected hourly to estimate virus abun-
dance using different methods (see the “Estimating virus
abundance” section) for a total of 8 h. Samples are referred to
by sampling time in hours, with “T0” samples taken at the
start of the experiment and “T8” samples taken at the end of
the experiment. At the conclusion of the experiment (T8), the
remaining incubation water was sampled to analyze virus
assemblages using shotgun metavirome sequencing and
pulsed-field gel electrophoresis (PFGE; see the “Virus assem-
blage diversity” section). In addition, O. dioica fecal pellets
were collected for E. huxleyi infection assays (see the “Infectiv-
ity of E. huxleyi virus in O. dioica pellets” section).

Estimating virus abundance
Two methods were employed to measure virus abundance

in water from experimental incubations—flow cytometry and
droplet digital polymerase chain reaction (PCR). These
methods measure, respectively, free virus particles and virus
genome equivalents.

Flow cytometry
At hourly intervals from T0 to T8, triplicate 0.5-mL samples

of water were collected from incubation beakers by careful
pipetting to avoid aspiration of animals, discarded houses,
and visible particulate debris. Samples were fixed with 0.5%
(v/v) glutaraldehyde, mixed thoroughly by gentle inversion,
and incubated for 30–120 min at 4�C in the dark. Samples
were then flash frozen in liquid nitrogen and transferred to

�80�C storage until analysis. Fixed samples were thawed and
divided into two aliquots for counting (1) phytoplankton cells
or (2) viruses. For phytoplankton counts, undiluted fixed sam-
ples were run directly on an Attune NxT Flow cytometer for
1.5 min each using a flow rate of 100 μL min�1 and triggering
on chlorophyll a (Chl a) autofluorescence (695/40, further
referred to as BL3). The food algae I. galbana was gated
according to BL3 plotted against side scatter using the Attune
NxT software v2.7.0. For viral flow cytometry counts, appro-
priate sample dilutions were prepared with 0.2 μm-filtered 1X
TE (10 mM Tris-Cl, 1 mM EDTA, pH 8.0) buffer containing 1X
SYBR Green I nucleic acid stain (Thermo Fisher Scientific).
Dilutions were heated to 80�C for 10 min and then equili-
brated to room temperature in the dark before counting on a
FACSCalibur flow cytometer (BD Biosciences) as described pre-
viously (Lawrence et al. 2018). E. huxleyi virus was readily dis-
tinguishable from other large viruses (Fig. S1).

Droplet digital PCR (ddPCR)
We sampled for droplet digital PCR analysis only at T0 and

T8 in order to maximize the time elapsed between samples
and thereby reduce the signal from free virus DNA in the incu-
bation water (Lawrence et al. 2018). Aliquots of incubation
water (1 mL) were sampled from each beaker by careful
pipetting, and immediately frozen at �20�C. Prior to DNA
extraction, frozen samples were thawed, and a 0.5-mL subsam-
ple was removed for DNA extraction and droplet digital PCR
analysis. The unused sample volume was returned to �20�C
storage. Lysis of virus particles in subsamples was performed
by heating at 90�C for 1 min immediately followed by chilling
on ice for 1 min. DNA was then extracted using the DNeasy
Blood & Tissue mini kit (QIAGEN) according to the manufac-
turer’s protocol. DNA was eluted with 100 μL Buffer EB
(QIAGEN) and stored at �20�C until analysis.

Details regarding primer modification and assay optimiza-
tion are available in the Supplementary Information. Droplet
digital PCR reactions were run with a total volume of 20 μL on
a DX200 instrument (Bio-Rad Laboratories) using 5 μL tem-
plate DNA, 1X EvaGreen Supermix (Bio-Rad Laboratories),
250 nM (final concentration) of primers MCP1Fw (50-ACGC
ACCCTCAATGTATGGAAGG-30) (Pagarete et al. 2009) and
MCP94RvMOD (50-RTSCRGCCAACTCAGCAGTCGT-30) (see
Supplementary Information for detailed information), and
ultrapure water. Negative (no template) controls and positive
controls contained, respectively, ultrapure water or purified
DNA from virus strain EhV-99B1, as template, and were
included in all droplet digital PCR runs. Assay sensitivity was
confirmed using agarose gel electrophoresis (Fig. S2). PCR reac-
tions were emulsified with QX200 Droplet Generation Oil for
EvaGreen in 8-tube PCR strips (Bio-Rad Laboratories) using
the QX200 Droplet Generator (Bio-Rad Laboratories), then
gently transferred by multichannel pipette into a droplet digi-
tal PCR 96-well plate (Bio-Rad Laboratories). Plates were sealed
with pierceable sealing foil (Bio-Rad Laboratories) using a PX1
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PCR plate sealer (Bio-Rad Laboratories). 96-well PCR reactions
were performed in a C1000 Touch thermocycler with deep-
well module (Bio-Rad Laboratories) using the following pro-
gram: 95�C for 5 min; 40 cycles of 95�C for 30 s then 62�C for
1 min; 4�C for 5 min; 90�C for 10 min; 10�C infinite hold.
Plates were allowed to equilibrate to room temperature for at
least 15 min prior to analysis using the QX200 Droplet Reader
(Bio-Rad Laboratories). Thresholds for positive/negative drop-
let separation were manually set according to results from neg-
ative controls.

Clearance rate calculations
Clearance rates based on flow cytometry counts were calcu-

lated for both I. galbana and the virus similarly to Lawrence
et al. (2018). In brief, clearance rate intervals were calculated
using posterior clearance distributions calculated from hierar-
chical linear models with normal errors under Bayesian infer-
ence using the R-package “rjags” (Plummer 2016) as described
previously (Lawrence et al. 2018). The main difference in this
study was the use of one control treatment for background
loss processes such as viral decay. The posterior from the con-
trol treatment was subtracted from the posterior of the
O. dioica treatments to calculate clearance rates. For virus only,
clearance rates based on droplet digital PCR results were also
calculated using the same model. The start (TSTART) and end
(TEND) time points for clearance rate calculations from flow
cytometry results were chosen based on the time window for
linear I. galbana removal during incubations with O. dioica.
Accordingly, T3 and T8 were chosen as start and end points,
respectively, for clearance rate calculations from flow cyto-
metry results for I. galbana, the E. huxleyi virus, and other large
viruses. For droplet digital PCR results, clearance rates for virus
were calculated using T0 as start and T8 as end points in order
to maximize time elapsed (see above).

Viral assemblage diversity
Shotgun metavirome sequencing

For shotgun metavirome analysis, duplicate 50-mL water
samples from each beaker were collected at T0 and T8, and seri-
ally filtered through 52- and 10-μm nitex mesh followed by a
GF-C filter mounted in a 25-mm diameter Swinnex filter
holder. Filtrates were stored in the dark at 4�C for up to 48 h
prior to ultracentrifugation for 2 h at 14,100 � g and 10�C
(Sandaa et al. 2001). Virus pellets were stored at �20�C until
DNA extraction. Frozen virus pellets were heated to 90�C for
1 min and then rapidly chilled on ice for 1 min to break open
viral capsids. DNA was extracted using a QIAsymphony SP
instrument (QIAGEN) with the DSP DNA mini kit (QIAGEN)
and Tissue_LC_200_V7_DSP protocol (QIAGEN). Purified DNA
was eluted in 50 μL and stored at �20�C. Metavirome libraries
were generated using the Nextera XT library preparation kit
(Illumina) following the manufacturer instructions and using
1–5 ng viral DNA as input. One sample (control beaker 3, T8)
failed the library preparation and was therefore not sequenced.

Sequencing library concentration and size distribution were
assessed using the Agilent Bioanalyzer (High Sensitivity DNA
assay kit) and libraries were subsequently pooled at equimolar
concentrations. High-throughput sequencing was carried out
using Illumina HiSeq 1500 (2 � 250 bp, paired-end) in Rapid
mode at the CeBiTec Center for Biotechnology, Genomics Plat-
form, at the Universität Bielefeld (Bielefeld, Germany). Bioinfor-
matic analysis was conducted by the CeBiTec Computational
Metagenomics group at Universität Bielefeld. Briefly, raw reads
were quality-trimmed using Trimmomatic v0.3.5 with a sliding-
window approach (window size: 4; quality threshold: 30)
(Bolger et al. 2014). Based on results from a comparison of dif-
ferent metagenome assemblers for complex community analy-
sis (Sczyrba et al. 2017), MEGAHIT v1.1.1 was used for
metavirome assemblies in meta-sensitive mode (Li et al. 2015).
Gene calling was conducted using Prodigal (Hyatt et al. 2010)
and DIAMOND (Buchfink et al. 2015) searches against the
NCBI non-redundant (nr) database (NCBI Resource Coordina-
tors 2016). MEGAN (Huson et al. 2007) was used to determine
the taxonomy of DIAMOND hits against the nr database.
Assembly yielded approximately 1.5 Gbp of assembled
sequence data distributed across 13 samples (Table S1). Raw
metavirome sequences are publicly available as BioProject
PRJNA682926.

Pulsed-field gel electrophoresis
Detailed information about preparation and analysis of PFGE

samples is available in the Supplementary Information. In brief,
all remaining incubation water from each treatment (control or
O. dioica) at the end of the experiment (T8) was pooled by treat-
ment (approx. 12 L per treatment) and serially prefiltered
through 52- and 10-μm nitex mesh. Filtrates were stored at 4�C
for a maximum of 16 h prior to filtration through 0.2-μm poly-
carbonate filters (Whatman) to remove cells and cellular debris.
An additional virus concentration step with tangential flow filtra-
tion as described previously (Sandaa et al. 2018) reduced sample
volume to ~ 50 mL (~ 240-fold concentration). PFGE was per-
formed as described in Johannessen et al. (2015). Briefly,
ultracentrifuge-concentrated viruses were lysed and elec-
trophoresed in 1X TBE buffer at 14�C in a pulsed field electro-
phoresis chamber (Amersham Biosciences) at 6 V cm�1 for 22 h
with pulse ramps from 20 to 40 s. Bands of interest were excised
from the gel using a sterile scalpel and stored individually at
�20�C until DNA recovery by electro-elution using a 10 kDa
dialysis tube (Spectrum Laboratories) immersed in 1X TAE buffer
(20 mM Tris-Cl, 20 mM acetic acid, pH 8.0) (Supplementary
Information).

Infectivity of E. huxleyi virus in O. dioica fecal pellets
An aliquot of filtered mesocosm water was sampled to mea-

sure the background abundance of infectious virus particles in
the incubation water using a most probable number assay with
E. huxleyi 374 as host, confirming our ability to detect infectious
virus particles from mesocosm water (Supplementary Informa-
tion). O. dioica fecal pellets from control incubations were
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collected by gentle pipetting from the bottom of D5 O. dioica
maintenance cultures using a sterile serological pipette. Fecal pel-
lets from mesocosm water incubations with O. dioica were col-
lected from the 10-μm nitex mesh used to prefilter the T8
clearance incubation water for PFGE. Fecal pellets collected on
the plankton mesh were gently washed into sterile 50 mL Falcon
tubes using ultra-filtered (filtrate from tangential flow filtration,
100 kDa) seawater. Fecal pellets were stored at 4�C in the dark
and assayed within 72 h of collection. Fecal pellet samples were
decanted onto 10-μm mesh, thoroughly but gently rinsed using
ultra-filtered seawater, and then transferred to fresh ultra-filtered
seawater in a sterile petri dish. Single fecal pellets were micro-
pipetted into microtiter plate wells (24 fecal pellets from control
incubations and 48 fecal pellets from mesocosm water incuba-
tions). To each well, 140 μL of exponentially growing E. huxleyi
(CCMP 374) was added for a final density of 105 cells mL�1.
Microtiter plates were incubated at 16�C with 50 μm photons
m�2 s�1 and a 14:10 light/dark regime for 6 d prior to analysis
by plate reader (Enspire, PerkinElmer) for relative Chl
a fluorescence. Positive lysis was scored as at least one order of
magnitude (90%) decrease in fluorescence relative to controls.

Results
Clearance rates

The food alga I. galbana initially increased in abundance
from ~ 3.6 � 103 cells mL�1 at T0 to ~ 6.0 � 103 cells mL�1 at
T3 in both control and O. dioica treatments. After this initial
increase, I. galbana in the O. dioica treatment decreased in a
linear fashion until T8, at which point 1.5 � 103 cells mL�1

remained (Fig. 1A). In control incubations without O. dioica,
the density of I. galbana continued to increase, peaking at
1.1 � 104 cells mL�1 at T7 and subsequently decreasing to
8.5 � 103 cells mL�1 by T8 (Fig. 1A). Starting (T0) densities of
virus particles (determined by flow cytometry as shown in
Fig. S1) in both treatments ranged from 4.5–9.4 � 105 particles
mL�1 (Fig. 1B). For the O. dioica incubations, we observed an
initial increase in the virus from T0 to T1, which was followed
by a gradual decrease until the end of the experiment, except
for a slight increase at T5 (Fig. 1B). Final virus counts in the
O. dioica treatment were 2.7–3.9 � 105 particles mL�1. In con-
trol incubations, virus counts decreased from T0 to T3 and
then increased and remained stable until T8, with a final con-
centration of 6.1–7.6 � 105 particles mL�1 (Fig. 1B).

Using flow cytometry counts of I. galbana as reference, we
determined that the period of linear clearance by O. dioica
occurred between T3 and T8 (Fig. 1A). This time period was
subsequently chosen for the calculation of clearance rates for
both I. galbana (Fig. 1C) and the virus (Fig. 1D). Model diag-
nostics confirm successful model convergence, adequate pre-
dictive power and homoscedasticity of errors and are available
in the Supplementary Information (Fig. S3). The mean clear-
ance rate for I. galbana was 212.1 mL individual�1 d�1 (141.1–
283.2 mL ind�1 d�1 with 95% credible intervals) (Fig. 1C), and

for the virus was 90.3 mL ind�1 d�1 (46.1–130.6 mL ind�1

d�1) (Fig. 1D). Setting the clearance efficiency of I. galbana at
100%, relative clearance efficiency of the virus by O. dioica
was 42.6%. An additional large virus population distinct from
the E. huxleyi virus was identified in flow cytograms (Fig. S1).
From the same flow cytometry data, we were able to measure
dynamics in the different experimental treatments (Fig. S4A)
and calculate clearance rates (Fig. S4B) of this unidentified
large virus-like particle. Clearance rates using the same T3–T8
time window were determined to be 48.5 mL ind�1 d�1 (7.1–
87.9 mL ind�1 d�1) (Fig. S4B), resulting in a clearance effi-
ciency relative to I. galbana of 22.9%.

Molecular quantification using droplet digital PCR of
E. huxleyi virus genome equivalents from T0 and T8 samples
from both control and O. dioica treatments yielded positive
detection in all experimental samples (Fig. S5A). Generality of

Fig. 1. Flow cytometric detection of clearance by O. dioica. Counts of
(A) I. galbana (103 cells mL�1) and (B) E. huxleyi virus (105 particles mL�1)
in experimental incubations. Blue circles and curves indicate control incu-
bations without O. dioica; yellow circles and curves indicare experimental
incubations with O. dioica. Shaded regions represent 95% confidence
intervals. Density plot of posterior distributions of flow cytometric clear-
ance rate calculations (mL individual�1 d�1) for (C) I. galbana and (D) the
virus (EhV). Probability density (y-axis) shows the relative likelihood of
given clearance rate values. Dashed vertical lines indicate 95% credible
intervals.
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the assay for detection of a diversity of E. huxleyi viruses was con-
firmed by successful droplet digital PCR detection of cultured iso-
late EhV-99B1 (Castberg et al. 2002), mesocosm water sampled
at the end of the mesocosm experiment after the virus peak, and
E. huxleyi virus strains isolated at the end of the mesocosm exper-
iment (Fig. S5B). The specificity of the droplet digital PCR assay
for specific detection of E. huxleyi viruses was confirmed by
unsuccessful detection of the commonly co-occurring viruses
Chrysochromulina ericina virus (CeV), Micromonas pusilla virus
(MpV), and Phaeocystis pouchetii virus (PpV) (Fig. S5B). The num-
ber of viral mcp gene copies in the control treatments decreased
from 4.0 � 1.2 � 104 gene copies mL�1 (mean � SD) to
3.6 � 0.5 � 104 gene copies mL�1 from T0 to T8 (Fig. 2A. In con-
trast, the O. dioica treatment resulted in a significant net decrease
in viral mcp gene copy numbers from 4.6 � 0.9 � 103 copies
mL�1 at T0 to 1.9 � 0.2 copies mL�1 at T8 (two-tailed paired t-
test, p = 0.04, n = 6). Using the same model for calculation of
clearance rates from flow cytometry counts, we calculated mean
clearance rate from droplet digital PCR quantification of viral
mcp gene copies in the O. dioica treatment to be 68.1 mL ind�1

d�1 (18.0–120.8 mL ind�1 d�1) (Fig. 2B).

Virus assemblage diversity
Shotgun metavirome analysis of virus fractions from T0 and

T8 incubation water with or without O. dioica generated

222,648,188 paired end reads, of which 199,794,542 (10.2%)
passed quality-trimming (Table S1) to yield 141,742–392,536
total reads per sample, with virus reads comprising 21,766–
65,299 reads per sample. Proportionally, the virus fraction
represented 13.06%–16.83% of total reads per sample (Fig. 3).
Comparisons of changes in proportional virus group abun-
dances from T0 to T8 for control incubations (Fig. 3, “absent”)
and O. dioica incubations (Fig. 3, “present”) revealed a trend
toward increased removal of some large double-stranded DNA
virus groups when O. dioica were present (Fig. 3). Wilcoxon
rank sum tests of proportional metavirome read count removal
from T0 to T8 identified a significant effect of O. dioica on
removal of Mimiviridae (family-level) and Unclassified
Phycodnaviridae (genus-level) (Fig. 3; Table 1). Removal by
O. dioica of Coccolithovirus reads, the viral genus which
includes the E. huxleyi virus, was not significant (Fig. 3;
Table 1).

PFGE analysis of dsDNA virus genomes present in T8 con-
trol incubations revealed approximately 15 bands ranging in
size from less than 48.5 kb to greater than 533.5 kb (Fig. 4).
One band at ~ 400 kb (arrow in Fig. 4) is in the same size
range as the draft genome sequence for E. huxleyi virus isolate
EhV-163 (Allen et al. 2006) and other E. huxleyi virus isolates
(Pagarete et al. 2014) observed during mesocosm experiments
conducted at the same site in 2000 and 2008, respectively.

Fig. 2. Molecular detection of Emiliania huxleyi virus clearance by O. dioica. (A) Violin plot showing triplicate droplet digital PCR measurements of viral
mcp gene copies (104 mL�1, y-axis) in virus pellets from control (blue) and O. dioica (yellow) incubations. Sampling time in hours in shown on the x-axis.
Black points show mean values. (B) Clearance rate calculations of removal of virus by O. dioica using droplet digital PCR measurements of viral mcp gene
copies mL�1. Dashed vertical line indicates 95% credible intervals.
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A BLAST search of the mcp sequence amplified from electro-
eluted DNA from this band (Supplementary Information)
using E. huxleyi virus-specific mcp primers (Schroeder
et al. 2002) revealed 100% sequence similarity (274/274 iden-
tities) to virus clone OTU-52 (Accession number GU936230.1),
and 97.18% identity with 100% coverage to the draft genome
sequence of EhV-99B1 (Accession number FN429076.1), con-
firming the E. huxleyi virus as the origin of this pulsed field gel
band. Incubations with O. dioica demonstrated complete
visual loss of bands in the size range 97 to > 533.5 kb, includ-
ing the E. huxleyi virus band at ~ 400 kbp.

Fate of ingested viral particles
After 6 d of incubation, lysis of host E. huxleyi occurred in

only 1 of 24 wells containing O. dioica fecal pellets from main-
tenance cultures (negative control). In contrast, lysis of
E. huxleyi was observed in all 48 wells to which single fecal
pellets from the mesocosm-water feeding O. dioica were added.

Discussion
Previous work demonstrated clearance of a cultured

E. huxleyi virus by O. dioica under controlled laboratory

Fig. 3. Shotgun metavirome analysis of T0 and T8 virus fractions from clearance experiment with Oikopleura dioica. Boxplots show abundance-
normalized read counts (proportion of read counts) for each taxonomic ranking (A) kingdom, (B) family, and (C) genus/species from triplicate
clearance experiments incubated in the presence (present) or absence (absent) of O. dioica. Color designation shown in legend for A applies also
to B and C.
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settings (Lawrence et al. 2018). The present study was con-
ducted to expand on these findings and investigate this inter-
action and its implications using communities of marine
viruses naturally enriched in this virus. A mesocosm experi-
ment targeting E. huxleyi bloom dynamics provided the ideal
opportunity to test virus removal rates by O. dioica when the
E. huxleyi virus was one of many marine viruses present in a
natural mixed virus assemblage. Our main focus was on clear-
ance of the virus by O. dioica; however, viral community ana-
lyses (shotgun metavirome sequencing and PFGE) were also
applied in order to facilitate a more general, qualitative assess-
ment of the impact of O. dioica feeding on the broader double-
stranded DNA virus assemblage. Our results show that the
virus is efficiently cleared by O. dioica at rates that are compa-
rable with clearance rates established using laboratory clear-
ance experiments (Lawrence et al. 2018). Furthermore,
demonstrating the removal of other large double-stranded
DNA viruses by O. dioica using shotgun metagenome analysis
of virus assemblages widens the potential implications for this
interaction in natural marine femtoplankton assemblages.
Finally, we have demonstrated that O. dioica grazing on the
E. huxleyi virus results in the packaging of infectious virus par-
ticles into O. dioica fecal pellets, and that these particles are
able to transmit infection to surrounding E. huxleyi cells.
These findings thus provide new knowledge about the role of
the O. dioica–E. huxleyi virus interaction in regulating the fate
of this virus in the marine environment.

The removal of marine viruses by micro- and mesozoo-
plankton in the marine environment is understudied, as

evidenced by the paucity of investigations targeting such non-
host interactions. In addition to O. dioica (Lawrence et al. 2018),
there are indications that copepods (Frada et al. 2014) and
phagotrophic nanoflagellates (Gonz�alez and Suttle 1993) can
feed directly on planktonic viruses, albeit with minimal contribu-
tion to nutrition. A recent investigation of the ability of both
zooplankton and benthic fauna revealed the surprising ability of
many macroorganisms to significantly reduce the abundance of
a large virus in controlled seawater incubations (Welsh
et al. 2020). The intricate feeding mechanics of filter-feeding
macrofauna are optimized for small particle retention
(Flood 1978; Bedo et al. 1993; Fern�andez et al. 2004; Sutherland
et al. 2010), and we anticipate that further research will expand
not only the scope of nonhost plankton interactions with
marine viruses, but also the downstream impact of these interac-
tions on existing models of virus-mediated regulation of host
diversity and abundance (Martiny et al. 2014) and nutrient turn-
over (Rohwer and Thurber 2009) in the ocean.

Clearance rates for the virus measured in this study
(90.3 mL ind�1 d�1) were higher than those previously
reported for the same virus (~ 45 mL ind�1 d�1) (Lawrence
et al. 2018). This is likely due to the calculation of the clear-
ance rate from the time window for linear virus removal by
O. dioica, that is, T3–T8 (Fig. 1), in the present study. The
clearance rate for I. galbana by O. dioica in this study using
animals with trunk length of 0.96 � 0.15 mm were compara-
ble to published estimates for similarly sized animals (Broms
and Tiselius 2003), indicating that animals were feeding nor-
mally during the experiment. It is noteworthy that clearance
rates calculated from droplet digital PCR quantification of
virus genome equivalents (Fig. 2) are consistently lower than
clearance rates based on flow cytometry counts (Fig. 1) from
the same experiment. One possible explanation is that viral
DNA is released into incubation water as virus particles lyse
naturally, or are ingested and defecated by O. dioica, during
incubations, resulting in lower apparent “removal” of virus
genome equivalents and, hence, lower clearance rates. This
free viral DNA would not affect flow cytometry analysis as the
latter methodology detects particles only (i.e., DNA packaged
in capsids). Enzymatic treatment of sampled water to selec-
tively remove free viral DNA, and thereby determine the rela-
tive contribution of free vs. encapsulated viral DNA to droplet
digital PCR signal, may provide new information about the
observed discrepancy between flow cytometry and molecular
quantification results.

Using shotgun metavirome sequence analysis of T8 incuba-
tion water virus fractions, we were able to detect significant
removal of Mimiviridae (family rank) and Unclassified
Phycodnaviridae (genus rank) (Table 1) in O. dioica incuba-
tions, an effect that was not observed in the control treatment
(Table 1). Although these two viral groups encompass impor-
tant and ecologically distinct viruses in the marine environ-
ment (Wilson et al. 2009; Johannessen et al. 2015; Claverie
and Abergel 2018), metavirome analysis did not demonstrate

Table 1. Wilcoxon rank sum tests (W) to identify significant
changes from T0 to T8 in the abundance-normalized large virus
metavirome counts in clearance experiment incubation water.
Treatment indicates whether incubations occurred in the pres-
ence (“present”) or absence (“absent”) of O. dioica. Tests were
performed at different taxonomic ranks (“taxon”). Significant
p-values are shown in bold.

O. dioica
treatment Taxon W p-value

Present Total viruses 13 0.2000

Marseilleviridae 8 1.0000

Mimiviridae 16 0.0286

Phycodnaviridae 14 0.1143

Prasinovirus 13 0.2000

Unclassified Phycodnaviridae 16 0.0286

Coccolithovirus 7 0.8857

Absent Total viruses 9.5 0.2845

Marseilleviridae 8.5 0.4755

Mimiviridae 9.5 0.2845

Phycodnaviridae 9.5 0.2845

Prasinovirus 8.5 0.4755

Unclassified Phycodnaviridae 9.5 0.2845

Coccolithovirus 6.5 1.0000
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the removal of Coccolithoviruses (Fig. 3; Table 1), which
should include E. huxleyi virus. These results are therefore in
disagreement with the clearance rate results from flow cyto-
metry (Fig. 1) and droplet digital PCR (Fig. 2) analyses. The
reason why removal of unclassified Phycodnaviridae, but not
specifically Coccolithovirus, could be demonstrated is
unknown. One possible explanation is that sequence diversity

within the E. huxleyi virus assemblages present in incubation
water obscured genus-level classification as Coccolithovirus.

PFGE results (Fig. 4) showed complete removal of a diver-
sity of large double-stranded DNA viruses down to ~ 100 kbp,
including the E. huxleyi virus band at ~ 400 kbp. This contrasts
with results from flow cytometry (Fig. 1) and droplet digital
PCR (Fig. 2), which indicate significant, but only partial, clear-
ance of the virus by O. dioica. According to flow cytometry
counts (Fig. 1), approx. 3 � 105 virus particles mL�1 remain at
T8 when water was sampled for PFGE. Assuming a viral
genome size of 402,500 bp (Allen et al. 2006) and a DNA
molecular weight of 650 g mol�1, the remaining genetic signal
from 3 � 105 virus particles mL�1 would amount to 130 pg
viral DNA mL�1 in incubation water. As 12 liters of incubation
water was pooled and concentrated for PFGE, this would scale
up (130 pg � 12,000 mL) to approximately 1.56 μg of
E. huxleyi virus DNA in the agarose plugs used for PFGE. Tak-
ing into consideration the DNA contribution from all other
viruses (i.e., the other gel bands) present in T8 incubation
water would further increase the total DNA concentration in
agarose plugs. Allowing for considerable (10%–90%) loss of
the virus during sample preparation for electrophoresis due to
inevitable inefficiency of filtration and concentration steps,
this would still result in tens to hundreds of nanograms of
E. huxleyi virus DNA in one electrophoresis sample, a concen-
tration that is strongly in excess of reported minimum values
for double-stranded DNA detection (~ 34 pg) in agarose gels
using the SYBR Gold stain (Tuma et al. 1999). We must there-
fore treat the quantitative value of our PFGE result for virus
removal by O. dioica with caution. The most likely explana-
tion for the complete removal of viruses > 100 kbp is the large
quantity of discarded O. dioica houses, fecal pellets, and other
particulates present in T8 incubation water. This accumulated
material likely formed a mat on the 52 and 10 μm mesh used
to prefilter the incubation water which removed vir-
uses > 100 kb (Supplementary Information). Interestingly, any
such filtration effect is congruent with our conceptual model
that O. dioica houses efficiently trap large algal viruses.

Our study supports some degree of size selectivity by
O. dioica for particle removal, although we cannot conclude
the primacy of size selection for removal of marine viruses by
O. dioica. In a study of O. dioica clearance rates using synthetic
spherical and ellipsoid particles, Conley and Sutherland (2017)
showed that particle shape affected the efficiency of trapping
and ingestion. It is also possible that differences in particle
properties due to, for example, the presence of an external
lipid membrane (Qin et al. 2001; MacKinder et al. 2009; Martí-
nez-Martínez et al. 2015), net charge (Rao et al. 1986), hydro-
phobicity (Dadon-Pilosof et al. 2017), or other abiotic
parameters, may affect the likelihood of a virus being trapped
in an O. dioica house. Indeed, marine viruses are represented
by a diversity of sizes and morphologies (Brum et al. 2013),
both of which may affect the likelihood and/or efficiency of
their interaction with O. dioica.

Fig. 4. Pulsed field gel electrophoretic separation of concentrated and
pelleted double-stranded DNA virus genomes from incubation water at
the end (T8) of clearance incubations. See the “Materials” section for a
description of virus pellet preparation for pulsed field gel electrophoresis.
Lane designations from left are: Lane 1 – lambda molecular weight
(MW) standard, with MW indicated in kilobase pairs (kbp); lane 2 – HindIII
digest of the MW standard; lane 3 (“O. dioica”) – double-stranded DNA
virus genome diversity from pooled triplicates of mesocosm water (12-liter
total volume) after incubation for 8 h in the presence of O. dioica; lane
4 (“control”) – double-stranded DNA virus genome diversity from pooled
triplicates of mesocosm water (12-liter total volume) after incubation for
8 h in the absence of O. dioica. The black arrow on the right side of the
figure indicates an Emiliania huxleyi virus band at approximately 400 kbp.
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The lysis of cultures incubated with fecal pellets shows that
O. dioica fecal pellets contain infectious virus particles, and that
these particles become available to infect surrounding host
E. huxleyi cells, albeit at unknown rates. As complete culture
lysis was observed within 6 d after adding fecal pellets, and the
infectious cycle of the virus is estimated at 24–48 h (Mackinder
et al. 2009), our results clearly support some degree of shedding
of infectious virus particles from fecal pellets, despite pellets
remaining intact. Our most probable number estimates of
infectious virus particles in the mesocosm water (determined
from most probable number assays) used for clearance incuba-
tions revealed 2 � 103 (95% CI, 0.94–4.1 � 103) viruses mL�1.
The proportion of infectious virus particles (most probable
number : flow cytometry counts) in the water used for incuba-
tions was thus < 1%. Assuming a virus clearance rate of
3.75 mL ind�1 h�1 (Fig. 1), a starting virus concentration of
6 � 105 particles mL�1 (Fig. 1), an O. dioica defecation rate of
6 fecal pellets ind�1 h�1 (L�opez-Urrutia and Acuña 1999), and
an O. dioica particle ingestion efficiency of 30% (Conley and
Sutherland 2017), each O. dioica fecal pellet may contain 1.13
� 105 virus particles. Our most probable number results suggest
that approximately 1000 (< 1% of 1.13 � 105) of the fecal-
packaged virus particles would be infectious. Considering local
high densities of O. dioica in the ocean during the spring/
summer (Båmstedt et al. 2005) when E. huxleyi forms enormous
blooms in the upper photic zone (Tyrrell and Merico 2004) that
are eventually decimated by the virus (Bratbak et al. 1993,
1995), this novel packaging mechanism for ingested virus parti-
cles has the potential to alter the ecological trajectory of a con-
siderable fraction of E. huxleyi virus assemblages in the marine
environment.

One study of calanoid copepod grazing on virus-infected
E. huxleyi cells suggests that virus particles packaged into
copepod fecal pellets is one mechanism regulating both the
vertical and horizontal dispersal of the virus in the water col-
umn (Frada et al. 2014). One noteworthy difference between
that study and the present is that host E. huxleyi cells in the
present study were deliberately excluded from clearance incu-
bations in order to assess the ability of O. dioica to remove the
virus from water independent of its host. It is unclear the
extent to which packaging of the virus into O. dioica fecal pel-
lets represents a mechanism of vertical dispersal (viruses are
transported to deeper water and/or bottom sediments) or sim-
ply a mechanism of virus loss from the marine plankton.
Encounter rates of host E. huxleyi with fecal-packaged viruses
in the water column would be diminished relative to plank-
tonic viruses, particularly as fecal pellets sink rapidly (Dagg
and Brown 2005) and fecal-packaged viruses would therefore
be rapidly transported out of patches of high E. huxleyi den-
sity (Bratbak et al. 1993). Our demonstration that fecal-
packaged viruses retain some degree of infectivity suggests
that fecal-packaging can also function as a virus dispersal
mechanism via sinking (Dagg and Brown 2005), in which
case an investigation of the vertical distribution of the virus

in areas with and without seasonal blooms of O. dioica might
be informative. Vertically dispersed viruses that persist in the
environment could seed future E. huxleyi infections via
mixing or advection (Short 2012 and references therein), as
has been suggested for viruses in freshwater lakes (Short
et al. 2011) and coastal regions (Tomaru et al. 2007). None-
theless, we cannot exclude the possibility that fecal-packaging
results in significant virus loss due to digestive degradation
during O. dioica gut passage or decay during sinking and sedi-
mentation (Wommack and Colwell 2000), re-working by zoo-
plankton (Koski et al. 2007), or degradation by bacteria
(Turner 2002).

In addition to fecal pellets, it is also possible that virus parti-
cles trapped in discarded O. dioica houses experience altered eco-
logical trajectories relative to planktonic virus particles. O. dioica
houses may act as a dispersal agent for trapped virus particles
due to their theoretically high particle retention rates (Gorsky
et al. 1984; Conley and Sutherland 2017) and high house sink-
ing rates (Troedsson et al. 2009). In our previous study
(Lawrence et al. 2018), we observed that technical challenges
associated with loose particle adherence (Conley et al. 2018)
made the quantification of virus particles trapped in discarded
O. dioica houses problematic. Thus, the packaging of infectious
virus particles into O. dioica houses was not investigated during
the present study. Nonetheless, virus removal by O. dioica and
the packaging of infectious virus particles into O. dioica fecal pel-
lets implicate the O. dioica-virus interaction as one possible regu-
latory mechanism driving marine virus ecological trajectories,
likely through a combination of virus dispersal and virus loss. As
sinking and persistence of trapped virus particles is one possible
trajectory, we propose that future research should investigate
marine sediments for the presence of infectious E. huxleyi virus
particles, particularly in regions where O. dioica and E. huxleyi
are known to co-occur in high abundances.

In this study, we have demonstrated that the filter-feeding
appendicularian O. dioica is able to remove E. huxleyi virus
from the natural viral assemblages formed during an induced
E. huxleyi phytoplankton bloom. The presence of infectious
viruses within fecal pellets and their subsequent release dem-
onstrate that O. dioica fecal pellets can serve as a dispersal
mechanism for this virus. The potential for O. dioica to remove
other large viruses suggests that interactions between O. dioica
and marine femtoplankton may represent a more general
mechanism regulating virus dynamics, dispersal and persis-
tence in the marine environment.
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