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Silicon limitation facilitates virus infection and
mortality of marine diatoms
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Diatoms are among the most globally distributed and ecologi-
cally successful organisms in the modern ocean, contributing
upwards of 40% of total marine primary productivity2. By
converting dissolved silicon into biogenic silica, and photo-
synthetically fixing carbon dioxide into particulate organic
carbon, diatoms effectively couple the silicon (Si) and carbon
cycles and ballast substantial vertical flux of carbon out of the
euphotic zone into the mesopelagic and deep ocean*=. Viruses
are key players in ocean biogeochemical cycles®’, yet little is
known about how viral infection specifically impacts diatom
populations. Here, we show that Si limitation facilitates virus
infection and mortality in diatoms in the highly productive
coastal waters of the California Current Ecosystem. Using
metatranscriptomic analysis of cell-associated diatom viruses
and targeted quantification of extracellular viruses, we found
a link between Si stress and the early, active and lytic stages
of viral infection. This relationship was also observed in cul-
tures of the bloom-forming diatom Chaetoceros tenuissimus,
where Si stress accelerated virus-induced mortality. Together,
these findings contextualize viruses within the ecophysiologi-
cal framework of Si availability and diatom-mediated biogeo-
chemical cycling.

Silicon (Si) cycling and diatom production are inextricably inter-
twined. The availability of dissolved silicon (dSi) sets the upper limit
on diatom productivity and governs the distribution of diatoms in
the global ocean®. Given that as much as 80-90% of biogenic silica
(bSi0,) in the euphotic zone can be occluded within diatom detri-
tus’ and that up to 70% of new diatom production is supported
through the dissolution of this detrital silica'’, the processes that
contribute to diatom mortality and mediate bSiO, remineralization
are essential components of upper-ocean Si and carbon (C) cycling.

Marine viruses are estimated to turn over more than a quar-
ter of photosynthetically fixed carbon, fuelling the microbial loop
and circumventing the transfer of organic carbon to higher trophic
levels and the deep ocean''. However, recent work suggests that,
counter to this ‘viral-shunt hypothesis, viruses may also stimulate
aggregation, sinking and export'>. Despite the importance of viral
infection to phytoplankton mortality”, the environmental factors
that impact these dynamics and the biogeochemical consequences
of these interactions are not well defined. Diatom viruses have the
potential to substantially impact both the Si and C cycles; however,
virus-induced losses in diatom populations are poorly understood.

With virions approximately 20-40nm in diameter and genomes
comprised of either single-stranded (ss) RNA or ssDNA", diatom
viruses are among the smallest on the planet and distinct from the
better characterized and more readily detected double-stranded
(ds) DNA algal viruses (for example Phycodnaviridae) and bacte-
riophages. However, recent estimates suggest RNA viruses com-
prise a substantial fraction of the marine virus community and
may be as impactful as DNA viruses in the turnover of organic
matter””. Advances in metagenomics and metatranscriptomics have
facilitated the detection of marine ssDNA- and ssRNA-containing
viruses, thus enabling the interrogation of diatom host-virus inter-
actions in natural populations'®"”.

We explored viral infection during the early summer diatom
blooms in the California Current Ecosystem as part of the ‘DYE
labelling of diatom silica’ (DYEatom) cruise (research vessel (RV)
Point Sur, PS1312). This region is characterized by seasonal, wind-
driven coastal upwelling of nutrient-rich waters during the spring
and summer seasons that sustains extensive diatom blooms'.
Phytoplankton populations were sampled at multiple coastal
and offshore stations near Monterey Bay and Point Reyes during
June-July 2013 (Fig. 1). Satellite imagery of chlorophyll depicts
high phytoplankton biomass along the coast during the sampling
period (Fig. 1a), with in situ chlorophyll a concentrations reaching
14pgl™ (Supplementary Table 1). Compared with the offshore sta-
tions Station 6 (St6) and St9, the coastal stations were character-
ized by high bSiO, (4.6-21.7umoll™" Si), high diatom transcript
abundance (Supplementary Data 1) and diatom-dominated 18S
ribosomal RNA (84-97%; Fig. 1b), indicating high diatom abun-
dance at these stations. In Monterey Bay, Pseudo-nitzschia was the
dominant genus, whereas nearshore stations close to Point Reyes
were more diverse, with Chaetoceros, Thalassiosira and Pseudo-
nitzschia genera present (Fig. 1c). The two offshore stations (St6
and St9) seemed to be dominated by dinoflagellates and hapto-
phytes, as indicated by low bSiO, levels (<1.3 umoll™' Si) and a high
proportion of these groups in the 18S rRNA amplicons (Fig. 1b).
Kinetic limitation of Si uptake was quantified as a proxy for Si stress
(see Methods), with values approaching zero indicative of severe
Si limitation"”. In Monterey Bay, Si stress was variable, ranging
from none (V_,:V.,~1) to moderate (V,,:V., =0.28-0.77),
whereas diatom-dominated stations were characterized by severe
Si stress (V,: Ve, <0.1; Fig. 1d) near Point Reyes. Phaeophytin, a
degradation product of chlorophyll and an indicator of mortality,
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Fig. 1| Station map, phytoplankton communities, Si stress and indicators of mortality during the DYEatom cruise in the California Current Ecosystem.
a, Station locations overlaid on Level-2 MODIS surface chlorophyll concentrations for 29 June 2013 (oceancolor.gsfc.nasa.gov). b,c, Relative 18S rRNA
abundance of the major eukaryotic phytoplankton groups (b) and diatom genera (c) at each station. Data from three depths, corresponding to 55, 22

and 1% surface irradiance (I,) are shown within each station from left to right. d, Si stress (V,..:V..,) at each station, defined as the ratio between specific
uptake rates at ambient and saturating Si(OH), (Supplementary Table 1), with values approaching zero indicative of severe Si stress. e f, Relationship
between Si stress and phaeophytin (e), and ectoproteolytic activity (f) determined using leucine-AMC (n=35 and 31 independent samples, respectively).
The lines of the best fit with 95% confidence intervals (grey shading) are shown describing linear regressions with the r? and P values (analysis of
variance). The circles and triangles represent the Monterey Bay and Point Reyes stations, respectively.

correlated significantly with Si stress (Fig. le). This correlation was
not observed between chlorophyll a and Si stress (coefficient of
multiple correlation (r?)=0.01, P=0.5), suggesting that total phy-
toplankton biomass did not drive this relationship. Elevated ecto-
protease activity, a response that has been attributed to cell death
and enhanced bacterial activity during bloom demise***', was also
significantly correlated with Si stress (Fig. 1f). Regionally, the Point
Reyes stations dominated the upper limit of these relationships
(Fig. le,f), with distinctly higher phaeophytin and ectoprotease
activity relative to chlorophyll a (Supplementary Fig. 1a—c). Together,
these data suggest that the communities near Point Reyes experi-
enced a recent mortality event that coincided with severe Si stress.
To explore the presence of diatom viruses in these communi-
ties, we used metatranscriptomic analysis of cell-associated viruses
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and quantitative PCR with reverse transcription (QRT-PCR) of
free, extracellular viruses. Diverse ssRNA viruses were identi-
fied at all stations and depths, with the two most abundant groups
being diatom viruses (Bacillarnavirus) and an unclassified virus
thought to infect an oomycete closely related to Phytopthera infes-
tans (Supplementary Fig. 2a). A homology-based query using the
taxonomic gene marker RNA-dependent RNA polymerase (RARP)
identified five distinct diatom-virus-like contigs (E-value<107%)
in 20 of the 24 samples (Supplementary Fig. 2b). However, phylo-
genetic analysis demonstrated that only three of these five contigs
grouped among known diatom viruses (Supplementary Fig. 2c)
and were thus selected for quantitative analysis (see Methods).
The abundance of both total cell-associated and extracellular dia-
tom viruses were consistently high across the Monterey Bay coastal
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Fig. 2 | Patterns of virus infection in diatom populations in the California Current Ecosystem. a,b, Sum of the three cell-associated diatom virus RdRP
contigs (a) and of these same contigs identified in the extracellular fraction (b) at each station at depths corresponding to 55, 22 and 1% surface
irradiance (I,). The black circles represent stations in which no diatom viruses were detected. ¢, Extracellular and cell-associated virus abundance for each
viral contig. d, PCA biplot of the environmental metadata including nitrate/nitrite, phosphate, silicate, Si stress, chlorophyll a, bSiO,, phaeophytin and
percentage of surface irradiance (n=24 independent samples). The colours in ¢,d depict the k-means clustering of the cell-associated and extracellular
diatom virus abundance for each contig (C1, blue; C2, yellow and C3, green). e, Normalized cell-associated diatom-virus abundance versus Si stress in the
Monterey Bay and Point Reyes stations (n=20 independent samples). Line of best fit (black line) and 95% confidence intervals (grey shading) describe

a LOESS regression. Colours depict ectoprotease activity determined using leucine-AMC. Grey symbols represent samples for which activity was not
measured. TPM, transcripts per million. The circles and triangles in c-e represent the Monterey Bay and Point Reyes stations, respectively.

stations (Fig. 2a,b). Offshore St6 and St9 exhibited low or unde-
tectable abundance of cell-associated and extracellular diatom
viruses (Fig. 2a,b). In contrast, the abundance of cell-associated dia-
tom viruses at the Point Reyes stations was highly variable, rang-
ing from no detectable infection (St7 and St8) to >107copies]™
(St10; Fig. 2a). Interestingly, extracellular viruses were present
at all of these Point Reyes stations, ranging from about 10 to
106 copies1™ (Fig. 2b).

Analysis of the abundance of cell-associated and extracellu-
lar virus of each diatom virus yielded three distinct populations
(Fig. 2c). Cluster 1 (C1) was characterized by moderate cell-asso-
ciated virus abundance with no detectable extracellular viruses,
suggesting an early stage of a developing infection that had not yet
progressed to host lysis. C2 had high levels of both cell-associated
and extracellular viruses suggesting an active, prolific infection in
these populations. Populations in C3 had undetectable levels of cell-
associated viruses but high levels of extracellular viruses, suggesting
a post-lytic stage of infection in which most of the host population
had lysed. The distribution of stations within each cluster is consis-
tent with an active infection in Monterey Bay and a virus-mediated
lytic event near Point Reyes. Principal component analysis (PCA)
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of the environmental metadata (Supplementary Table 1) yielded
a biplot accounting for 77% of the variance (Fig. 2d), in which C1,
C2 and C3 populations (early, active and lytic, respectively) were
apparent, suggesting a relationship between these variables and
diatom host-virus infection dynamics (Fig. 2d).

Given the prevalence of early and actively infected populations
(C1 and C2) in Monterey Bay, we targeted this region to explore
possible drivers of viral infection. The abundance of cell-associated
diatom viruses was normalized to the total diatom transcript abun-
dance to allow comparison of the degree of infection across samples
with different diatom biomass loads (see Methods). PCA of the
normalized cell-associated diatom virus abundance together with
environmental metadata in Monterey Bay (Supplementary Table 1)
yielded a biplot accounting for 74% of the variance, which depicted
positive relationships between virus infection and biomass indica-
tors (chlorophyll a, phaeophytin and bSiO,) and negative relation-
ships between virus infection and nutrient availability (N, P, dSi and
Si stress; Supplementary Fig. 3). Pairwise linear regression analysis
revealed that Si stress had the most robust correlation to the normal-
ized abundance of cell-associated diatom viruses (r*=0.43, P=0.02;
Supplementary Table 2), suggesting it was a significant predictor of
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infection. No significant relationships with normalized cell-asso-
ciated diatom virus abundance were apparent for the Point Reyes
stations (Supplementary Table 2). However, taking both stations
together, Si stress emerged as a driving factor for both the devel-
oping infection in Monterey Bay and the virus-induced mortality
in Point Reyes stations (Fig. 2e). In Si-replete waters, low normal-
ized abundance of cell-associated diatom viruses coupled with low
ectoproteolytic enzyme activity and low phaeophytin suggested an
early stage of infection. At moderate Si stress, the normalized cell-
associated diatom virus abundance increased towards a maximum.
Severely Si-stressed populations were characterized by decreased
abundance of normalized cell-associated diatom virus, high ecto-
proteolytic enzyme activity and high phaeophytin, suggesting virus-
mediated mortality. By integrating discrete diatom populations that
span a wide range of Si stress, a relationship emerges that alludes
to the temporal dynamics of viral infection, reconstructing early,
active and lytic stages that are consistent with the regional charac-
terization shown in Fig. 2a-d.

Given that diatoms take up Si and N at a 1:1 ratio” and low
nitrate concentrations were concomitant with low dSi, we explored
whether nitrate limitation also contributed to the observed dia-
tom host-virus dynamics. We found no discernable relationship
between the relative expression of diatom nitrate and ammonium
transporters—proxies for nitrate limitation®**—with cell-associ-
ated diatom virus abundance, further implicating Si limitation as
a driver of diatom host-virus dynamics (Supplementary Fig. 4). To
confirm a role for Si limitation in facilitating virus infection and
host mortality, we conducted laboratory experiments with the cen-
tric, bloom-forming diatom, Chaetoceros tenuissimus, and two dis-
tinct host-specific viruses: CtenRNAV and CtenDNAYV, ssRNA and
ssDNA viruses, respectively. Infection progressed more rapidly in
Si-limited cultures, which was indicated by an accelerated decline in
host abundance and photosynthetic efficiency (F,/F,) and a larger
increase in the relative proportion of dead cells compared with
Si-replete infected cultures (Fig. 3a-d and Supplementary Fig. 5).
Despite the clear impact on the timing of lysis, no significant differ-
ence was observed in the burst size (the number of viruses produced
per host cell) between Si-replete and Si-limited cultures, indicating
viral replication was not impacted by Si limitation (Fig. 3¢). Notably,
silicate was the primary limiting nutrient in Si-replete cultures
at the time of host lysis (the remaining silicate in the media was
1.734+1.48 uM, whereas nitrate was an order of magnitude higher
at 1.52+0.05mM; n=9). Together, these lab-based culture experi-
ments demonstrate that Si limitation alone can serve as a driver of
virus infection and mortality in diatoms.

Although the underlying mechanism remains unresolved, accel-
erated virus-induced mortality in Si-limited diatoms could be due
to more efficient viral adsorption and entry due to reduced cellular
bSiO,. Alternatively, accelerated mortality may represent a strategy
of the virus to ensure survival by hastening lysis when host physiol-
ogy is compromised”. Si-limited cultures indeed exhibited elevated
reactive oxygen species (Supplementary Fig. 6), an indicator of
physiological stress and a signal in other phytoplankton thought to
trigger host lysis™.

Our findings demonstrate widespread signatures of virus infec-
tion in the California Current Ecosystem encompassing the early,
active and lytic stages of infection. Together, these data illustrate the
progression of infection along a gradient of Si stress throughout a
diatom bloom (Fig. 4a). In Si-replete waters, diatoms grow rapidly
and the early stages of viral infection are apparent. As the bloom
progresses and Si becomes limiting, the population begins to expe-
rience moderate Si stress. Viral production becomes rampant and
the infection begins to spread. Host physiological stress, associated
with severe Si limitation, may serve as a signal to the virus (possibly
through reactive oxygen species) that the bloom has reached peak
host biomass and the loss of a viable host population is imminent.

NATURE MICROBIOLOGY | VOL 4 | NOVEMBER 2019 | 1790-1797 | www.nature.com/naturemicrobiology

1Y)
(-

o-
© \\\o’:* —

— 64 6 ° 6\ '\

= ° (@) 0.4 \9

E |0 0 0 o) o\

2 . WE L

Q

S 5+ > 0.2+ \\
5 0 8
- 4 ] 0 4

0 2 4 6 0 2 4 6
Time post-infection (d)

0N
(-9

5] o 0@

T o . 0.4
£ °-0

£ £

Q

o - ~ 4
gs 8 S o2
o \

<

8 8

- 47 ‘ 0,

Time post-infection (d)

e
© Si-replete ©
O Silimited T 91
8
Percentage _aﬁ 2
dead 29 87
25 50 75 55
000 =g,
x
0 4

Si—réplete Si—IinAited

Fig. 3 | The impact of Si limitation on diatom host-virus dynamics in
laboratory cultures of C. tenuissimus. a-d, Cultures were infected with
either CtenRNAV (a,b) or CtenDNAV (¢,d). Host abundance (a,¢) and
photosynthetic efficiency (b,d) in Si-replete (dark grey) and Si-limited
cultures (light grey). The symbol size depicts the percentage of dead cells,
as indicated by positive SYTOX staining. Each biologically independent
sample (n=3) is shown by individual symbols, with lines of best fit
depicting a LOESS regression. Data are representative of one to four
independent experiments. e, Box-and-whisker plot of the viral burst size
(number of viruses produced per host) in biologically independent samples
of infected Si-replete (n=13) and Si-limited (n=14) cultures for CtenRNAV
(open symbols) and CtenDNAYV (closed symbols). The boxes depict the
median (horizontal line) and upper and lower quartiles of the data with
whiskers encompassing data points within 1.5x of the interquartile range.
Statistical significance between burst sizes was determined using Welch's
two sample, two-sided t-test, which yielded P values of 0.13 and 0.56 for
CtenRNAV and CtenDNAV, respectively.

This triggers mass virus-induced mortality and the bloom collapses
as hosts lyse and release virions into the surrounding waters.

Our findings place virus infection of diatoms within the eco-
physiological framework of Si availability and highlight the impor-
tance of the nutrient regime on host-virus dynamics, with critical
implications for upper-ocean Si and C cycling (Fig. 4b). Accelerated
infection and mortality in Si-limited populations would strengthen
the ‘viral shunt, coupling higher detrital loads with ectoproteo-
lytic activity, and weaken the efficiency of the biological pump in
diverse, Si-limited oceanic systems. As bacterial ectohydrolytic pro-
tease activity is a major driver of silica dissolution?, virus-mediated
mortality would enhance upper-ocean silica dissolution:production
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Si stress during the course of a diatom bloom. The degree of infection increases from early infection in Si-replete waters to rampant viral infection as the
developing bloom enters Si stress. Virus-induced mortality and bloom demise, associated with severe Si stress, occurs as the hosts lyse and release virions
into the surrounding waters. b, Comparison of the biogeochemical consequences of diatom host-virus dynamics in replete and Si-limited populations. In
replete populations, a low silica D:P ratio drives the biological and silica pumps, leading to the export of Si and C into the mesopelagic zone. Virus infection
and mortality in Si-limited waters lead to an increase in D:P, weakening the biological and silica pumps while enhancing the supply of regenerative Si to
resident diatoms (for example, uninfected cells, cells in the early stages of infection or resistant cells) through the stimulation of the microbial loop and

viral shunt.

(D:P) ratios, thus weakening the silica pump*** and enhancing the
supply of regenerative Si to resident diatoms in the euphotic zone.
High spatial and temporal variability in global silica D:P ratios has
been largely attributed to changes in the composition of the bacte-
rial community and the state of bloom demise**’. We suggest that
virus infection constitutes a heretofore unappreciated mechanistic
control over diatom-mediated biogeochemical cycling in Si-limited
regimes, promoting the retention of Si and C in the euphotic zone.

Methods
DYEatom cruise sampling and measurements. The DYEatom cruise was a multi-
faceted study on diatom bloom dynamics and Si cycling conducted aboard the
RV Point Sur (PS1312; 27 June 2013 to 5 July 2013; Chief Scientist: J. W. Krause).
Given the dynamic currents and significant spatial variability, a surface-tethered
drogue (Brightwaters Instrument Corporation) was deployed while on station and
all hydrocasts were conducted within <100 m of the drogue to stay within the same
water mass. Hydrocasts were conducted just after local sunrise. Water was collected
using a rosette of 12 10-1 Niskin bottles equipped with a Sea-Bird Electronics
conductivity-temperature—depth sensor, Chelsea fluorometer and Bio-Spherical
Instruments photosynthetically active radiation (PAR) sensor. The magnitude of
PAR just below the surface (I,) was used to determine the depths at which the PAR
was 55%, 22%, 7% and 1% I; these depths matched the neutral density-screening
chambers used to incubate samples in deck-board surface-water-cooled incubators.
The bSiO, production rates were measured using the radioisotope tracer
*28i. Water was collected at each depth and 260 Bq **Si(OH), (>40kBqpmol~" Si)
was added to 300 ml whole seawater and incubated at the respective light level
in a deck-board incubator. Si uptake was measured after a 12h incubation for
all samples (except St7 samples, which were measured after 24 h due to the loss
of the 12h incubation bottles). The samples were filtered onto 1.2-pum pore-size
polycarbonate filters (Millipore), dried on nylon planchettes and covered/secured
in place with Mylar and a nylon ring. The activity of **Si was quantified using gas-
flow proportional counting®'. The gross bSiO, production rate (p) was normalized
to bSiO, to determine the specific rate (V,)*>. Two methods were used to assess
whether the ambient Si(OH), concentration limited Si uptake; both used the same
*28i additions, incubation conditions and processing described above. First, at St7,
-8 and -11, eight 300-ml samples collected from 55% I, were manipulated to make
an eight-point concentration gradient between ambient and +18.0uM Si(OH),;
the maximum concentration was assumed to saturate Si uptake. Silicon uptake has
been shown to conform to a rectangular hyperbola described by the Michaelis-
Menten equation:

Vo X [Si(OH),]
W= K + [Si(OH),] )
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where V,,, is the maximum specific uptake rate (p X bSiO, ™) and Kj is the half-

saturation constant, that is, the concentration where V,=50% of V.. Data were
fit to equation (1) using a nonlinear curve fitting algorithm (SigmaPlot 12.0). The
second type of experiment used only two [Si(OH),]: ambient and +18.0 uM. The
ratio of Si uptake at ambient [Si(OH),] to +18.0uM [Si(OH),] defines the Si stress
value (V,: Vo). For 55% I, at St10, Si stress was assessed using gross Si-uptake
rates (p, umoll~' d~' Si) instead of specific uptake rates (normalized for bSiO,)
due to a compromised bSiO, sample at this depth. This two-point approach was
conducted at all depths in the euphotic zone. Given the analytical error of the
measurement, only Si stress values of 0-0.92 were considered analytically resolvable
and used in our analysis. Values between 0.92 and 1.0 are considered within the
error of detection”.

Water for inorganic nutrients was syringe-filtered through a 0.6-um
polycarbonate filter (Millipore) into acid-washed plastic vials and immediately
frozen at —20°C. Nutrients (N, P) were quantified using an AutoAnalyzer* at UC
Santa Barbara. Manual colorimetric analysis was used to measure dSi**. Seawater
(200-350 ml) was filtered through a Millipore HAWP 0.45-um pore-size cellulose
filter for the determination of chlorophyll a using a 90% acetone extraction and
acidification technique™. For bSiO,, 600 ml seawater was filtered through a 1.2-um
pore-size polycarbonate filter (Millipore), immediately frozen at —20°C and
analysed using a modified sodium hydroxide digestion method*. Biomass for
metatranscriptomic analysis was collected by filtration (after pre-filtration through
a200-pm nylon membrane) onto 47 mm, 1.2-pum pore-size polycarbonate filters
at <5 psi for no longer than 15min to minimize degradation. The filters were
snap frozen in liquid N, and stored at —80 °C. Samples for free, extracellular virus
analysis (~100 ml) were collected by syringe filtration onto 0.02-pum Anotop syringe
filters (25 mm, Whatman) after pre-filtering through 0.22-pm Sterivex filters. The
Anotops were sealed with parafilm and stored at —80 °C until processing.

Protease activity assays. The activity of ectoproteases in whole seawater was
assessed using a fluorogenic substrate method modified for a microplate reader™.
Aminopeptides labelled with the fluorogenic moiety, 7-amino-4-methylcoumarin
(AMC), were used as substrates to assess the hydrolysis rates of serine, glycine and
leucine. The enzymatic activity of each protease was analysed separately. Triplicate
200 pl reactions of each fluorogenic substrate and seawater were prepared in a
96-well plate. The microplates were incubated in the dark at in situ temperature
for 24 h. The fluorescence of each reaction was measured approximately every 4h
throughout the incubation. A standard curve of AMC fluorescence was used to
convert fluorescence to the amount of substrate (umol) that was enzymatically
cleaved per litre of seawater.

RNA extraction, sequencing and assembly. One billion copies of each of two
commercially available RNA standards (purified RNA transcripts) were added to
each filter (nos 1 and 8, ArrayControl Spots and Spikes, Thermo Fisher Scientific;
with polyA tails). RNA was extracted using TRIzol reagent (Life Technologies).
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For each sample, complementary DNA (300-18,500 pgul~' concentration range)

was prepared from 50 ng total RNA using the SuperScript III first strand synthesis
system with random hexamers (Life Technologies) and then amplified using an
AccuPrime PCR system kit (Life Technologies) in a reaction containing 1 ul cDNA,
1xAccuPrime buffer I, 0.75 U AccuPrime Taq high fidelity and a 200nM final
primer concentration alongside a no-template control. Amplification was performed
as follows: an initial denaturation at 95 °C for 2 min, followed by 30 cycles of 95°C for
20s, 56 °C for 30s and 72 °C for 5min. The products (2l sample, 5l no-template
control) were run on a 1% agarose gel, cleaned with Ampure XP beads (Beckman
Coulter) and resuspended in 25 ul Qiagen elution buffer. The samples were
visualized on an agarose gel and quantified using the PicoGreen Quant-IT assay (Life
Technologies); 45ng of 18 S amplicons were pooled for 454 pyrosequencing.

Ribosomal RNA (18S) was sequenced using 454 pyrosequencing.
TAReuk454FWD1 (5'-CCAGCASCYGCGGTAATTCC-3’) and TAReukREV3
(5"-ACTTTCGTTCTTGATYRA-3') were used to target a 500 bp region
of the v4 region”. FLX Titanium adaptors (A-adaptor sequence: 5'-127-
CCATCTCATCCCTGCGTGTCTCCGACTCAG-3'; B-adaptor sequence: 5'-128
CCTATCCCCTGTGTGCCTTGGCAGTCTCAG-3) and 10 bp multiplex identifier
barcodes were used for multiplexed sequencing.

Library quality control, emulsion PCR, enrichment and 454 sequencing was done
according to the manufacturer's protocol (Roche Diagnostics) with the following
modifications: the KAPA Biosystems library quantification kit for gPCR was used to
estimate the number of molecules needed for emulsion PCR, automation (BioMek FX;
Beckman Coulter) was used to ‘break’ the emulsions after emulsion PCR and butanol
was used for ease of handling during the breaking process. Bead enrichment was
automated with a Robotic Enrichment Module (Roche Diagnostics).

The 18S rRNA 454 reads were demultiplexed using the sff file utility from
Roche/454 and converted from a standard flowgram to Fasta format using
sff2fastq, followed by primer removal, quality control, trimming and dereplication.
Chimeric sequences were removed using USEARCH?, reads were trimmed
to a quality score of ten over a two-base window, operational taxonomic units
were clustered using SWARM?* and classified using FASTA36 from the FASTA
package. Taxonomic annotations were assigned using GLSEARCH36 (ref. °) with a
modified PR2 database with updates from Tara Oceans W2 (ref. *).

Metatranscriptome libraries were constructed using 500 ng total RNA and
a TruSeq RNA sample preparation kit (Illumina) following the low-throughput
protocol. The mean size of the final libraries was confirmed to be between 359 and
420 base pairs (bp) using an Agilent Bioanalyzer 2100. The libraries were paired-
end sequenced (2 x 150 bp) on the Illumina HiSeq platform.

Reads were trimmed to remove primers and areas of low sequence quality
(that is, <30bp long and a quality score <33). Illumina reads were paired. The
rRNA reads were removed using Ribopicker version 0.4.3 (ref. **). Large fraction
reads were assembled using CLC Genomics Workbench 9.5.3 first by library,
then overall. Ab initio open-reading-frame (ORF) prediction was performed
using FragGeneScan®. The ORFs were screened for contamination in the form of
rRNA, internal transcribed spacers and primers. Open reading frames with closer
homology to a known organelle gene than to a nuclear gene in the same reference
organism were filtered.

The ORFs were annotated via BLASTP* alignment (E-value <107°) to a
comprehensive protein database, phyloDB, as well as screened for function de novo
by assigning Pfams, TIGRfams and transmembrane tmHMM:s with hmmer 3.0
(http://hmmer.org/)*. PhyloDB 1.076 consists of 24,509,327 peptides from 19,962
viral, 230 archaeal, 4,910 bacterial and 894 eukaryotic taxa. It includes peptides
from KEGG, GenBank, JGI, ENSEMBL, CAMERA and various other repositories,
as well as from the 410 taxa of the Marine Microbial Eukaryotic Transcriptome
Sequencing Project*. Taxonomic annotation of ORFs was also conducted via
BLASTP to phyloDB.

Added RNA spikes were used to estimate the number of copies per litre within
each library”’~. Reads per bp for the ORFs of interest were divided by the spike
reads recovered per bp per copy spike added per litre of seawater for each library.
Recovery of spike 8 (2,000 bp without tail) was used for ORFs > 1,000 bp. For
ORFs < 1,000 bp, spike 1 (750 bp without tail) was used. Diatom virus contigs were
identified using a homology-based query (BLASTP, E-value < 10~*) with RARP and
replicase genes from known ssRNA (genus Bacillarnavirus) and ssDNA (genus
Bacilladnavirus) diatom viruses, respectively. No ssDNA viruses were identified.
Detailed annotation, assembled contigs and virus abundance data are available in
Supplementary Data 1. Cluster analysis, PCA, linear regression analysis and other
statistical analyses were performed in R version 3.5.1 ‘Feather Spray’ Before PCA,
data were scaled using a correlation matrix to standardize each of the variables
used in the analysis. The optimal number of clusters in K-means analysis was
determined using the elbow method.

To assess the degree of infection across samples with different diatom
biomass loads, the total diatom virus RdRP reads from the metatranscriptomes
were normalized to the total diatom reads, analogous to transcript per million
normalization® used for comparing relative gene expression between samples and
similar to group normalization methods used in previous studies”>**-*".

Phylogenetic analysis. Reference RARP amino acid sequences were obtained
from the National Center for Biotechnology Information (NCBI), trimmed and
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aligned using Clustal W in Mega 7 (ref. ). A maximum-likelihood tree was
constructed from the reference alignment using RAXML version 8.2.10 with

the PROTGAMMAWAGEF substitution model and 100 bootstrap replicates™.
Metatranscriptomic reads from the same contig were concatenated and aligned to
the reference alignment using hmmalign and the HMM profile of the reference
alignment (built using hmmbuild*). Tree files were packaged using taxtastic
version 0.8.3 and environmental contigs were placed on the reference tree using
pplacer version 1.1.alphal9 (ref. **). The tree was exported and the posterior
probability was calculated using guppy version 1.1.

Anotop nucleic acid extraction and quantitative reverse-transcription PCR.
Anotop syringe filters were thawed at room temperature and subjected to nucleic
acid extraction using a MasterPure complete DNA and RNA extraction kit
(Epicentre), according to Mueller et al.”” with minor modifications. Briefly, 500 l
of 1xTissue and cell lysis buffer with 100 ugml~' proteinase K was injected into the
Anotop, sealed at both ends with Luer-Lok syringes and held in place with tape to
ensure the buffer remained in contact with the filter. The entire assembly was then
incubated in a rotisserie oven for 15min at 65°C, rotating at 10 r.p.m. The lysate
buffer was recovered by drawing into one of the syringes and transferring to a
microfuge tube, chilled on ice for 5min and treated with MPC protein precipitation
reagent according to the MasterPure protocol. An additional centrifugation step
after protein precipitation was done to ensure the complete removal of precipitate.
Nucleic acids were then precipitated with isopropanol at —20°C for 1h. After a
20min centrifugation at maximum speed at 4 °C, the pellet was washed with cold
70% ethanol and resusupended in 35 ul TE buffer (pH 8). The samples were treated
with TURBO DNAse (Invitrogen) according to the manufacturer’s protocol. The
RNA was quantified using a Nanodrop 1000 (Thermo Scientific) and 50-180ng
was reverse transcribed using the SuperScript III First Strand Synthesis system with
random hexamers (Invitrogen).

Free, extracellular diatom viruses were targeted by designing primers against
each of the three identified diatom virus contigs in the metatranscriptomes.
To increase the signal and specificity, a set of outer and nested primer pairs
were designed for use in a two-round PCR reaction (Supplementary Table 3).
This approach is routinely used in virology to increase both the sensitivity and
specificity when quantifying viruses that are low in abundance®-**. In Round 1,
17 ng cDNA (based on the RNA concentration used in the reverse transcription
reaction and assuming 100% efficiency) was used as the template with the outer
set of primers (500 nM of each primer), 1.25U Taq DNA Polymerase (Invitrogen),
1XPCR buffer, 0.2 mM dNTPs and 2mM MgCl, in the following reaction
performed in an Eppendorf Mastercycler EP S thermal cycler: initial denaturation
at 95°C for 2 min, 20 cycles of 95°C for 30s, 53-54 °C (Supplementary Table 3) for
30s and 72°C for 45s, followed by 72 °C for 7min. For the qRT-PCR, 1l of a 1:20
dilution (in TE buffer, pH 8) of the Round 1 product was used as the template in a
10 pl reaction using PowerUp SYBR green master mix (Applied Biosystems) and
the nested or semi-nested set of primers (500 nM each). The following reaction
was performed in a Mx3000P qPCR system (Strategene): 50 °C for 2 min 95 °C for
2 min, and 40 cycles of 95°C for 30s, 52-54°C (Supplementary Table 3) for 30s
and 72°C for 45 followed by melt curve analysis to check for primer dimers. The
amplified products (112-204bp and 72-129bp for the outer and nested products,
respectively) were subsequently run on a 1.5% agarose gel to verify both the size
and specificity of the PCR reactions. Standard curves for gene-copy quantification
and primer efficiencies were generated using gel-purified (PureLink Quick Gel)
amplicons (after two rounds of PCR with the outer primers) and serial dilutions
in QRT-PCR reactions to obtain 1-1,000 copies of purified product. Extracellular-
virus abundance (copiesl™) was calculated by dividing the number of copies in
the QRT-PCR reaction by the amount of RNA used in the reaction (17 ng), then
multiplying this by the total amount of RNA extracted from the Anotop to obtain
the number of copies on the Anotop. This was then divided by the total volume of
seawater filtered.

Culturing conditions and infection experiments. C. tenuissimus Meunier and
its associated viruses isolated from the coastal waters of Japan® were provided
by Y. Tomaru. Host cultures were maintained in SWM-3 media® with 0.2 mM
silicate, 2mM nitrate and 2nM Na,SeO,(ref. ©*) at 15°C on a 12:12 light:dark cycle
at ~120 pmol photons m=2s~". All culture work was performed in polycarbonate
culture flasks to minimize Si contamination. Cell abundance was measured using
flow cytometry (BD Accuri C6; 488 nm excitation, >670 nm emission) at a flow
rate of 14 plmin~" with a 10-pum core diameter. Cell populations were identified by
plotting the chlorophyll fluorescence and forward scatter (Supplementary Fig. 7).
For the Si-limitation experiments, exponential phase cultures growing in
Si-replete media were centrifuged at 4,000¢ for 10 min, washed in SWM-3 media
without added Si (SWM — Si) and resuspended in either replete or SWM — Si
media. The cultures were grown for 3-4 d until Si limitation was apparent from
the differences in specific growth rates between the Si-replete and Si-limited
cultures. The cultures were then subdivided and one set was infected with
either CtenDNAV*® or CtenRNAV* at a multiplicity of infection of 10. The
F,/F,, values were measured using a custom-built Fluorescence Induction
and Relaxation System* providing measurements of F, (minimum) and F,,
(maximum) fluorescence yields. The maximum efficiency of the photosystem
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1I was calculated as F,/F, = (F,,— F,)/F,,. The cultures were low-light acclimated

for 15 min before measurements. The relative proportion of live/dead cells in
cultures was determined by staining with SYTOX green (Thermo Fischer) at a final
concentration of 1M for 15min in the dark at room temperature and subsequent
analysis using flow cytometry (BD Accuri C6; 488 nm excitation, 533/30 emission).
Unstained samples were used to set a threshold for background green fluorescence.
The relative number of dead cells in a population (percent positively stained)

was determined as those that exceeded the background fluorescence of the
unstained sample (Supplementary Fig. 7). Intracellular reactive oxygen species
were quantified by staining with 2',7'-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA; Thermo Fisher Scientific) at a final concentration of 5uM for
Lhin the dark at room temperature and subsequent analysis using flow cytometry
(BD Accuri C6; 488 nm excitation, 533/30 emission). The mean background
cellular fluorescence of unstained samples (relative fluorescence units per cell) was
subtracted from the mean fluorescence of positively stained populations. Nitrate,
dSi and bSiO, were measured using standard protocols™°.

Virus abundance was measured in lysates generated by filtering cultures through
a0.22-um pore-size filter to remove the cellular debris. To confirm there was minimal
loss of viruses after the 0.22-um pre-filtration step, we measured the virus abundance
after sequential filtration through a 1.2, 0.22 and 0.02-pm pore-size filter. There was
no difference, within the 95% confidence levels of the measurement, between the 1.2
and 0.22-pum lysates (9.4 10° and 1.4 10'*virusesml~!, respectively). Notably, there
was a 98% reduction in virus abundance following filtration through a 0.02-um pore-
size filter, demonstrating the efficient retention of diatom viruses on filters with this
pore size (as expected given the 20-40 nm diameter of diatom viruses). The lysates
were stored at 4°C and processed within one month of collection. The abundance of
viruses was measured using the most-probable-number assay”’. Unlike methods that
quantify the total number of virus particles (infectious and non-infectious viruses),
such as flow cytometry and fluorescent stains®®, the most-probable-number assay
only quantifies infectious virus particles. Briefly, in a 96-well plate, exponential-
phase cultures at 5x 10° cellsml™" were incubated with ten-fold serial dilutions of
each viral lysate. Eight replicate infections for each lysate dilution were performed.
The plates were sealed with parafilm and incubated at standard growth conditions
with top lighting and monitored for cell lysis. Final scores were obtained after 13d
when lysis was complete. Virus abundance (infectious units per ml) was calculated
using the EPA-MPN calculator®. Burst size was calculated by dividing the final virus
abundance by the decrease in host abundance.

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

Data availability

All cruise-related data are available publicly at the Biological and Chemical
Oceanography Data Management Office under the project number 550825 (https://
www.bco-dmo.org/project/550825). The metatranscriptomic data reported in
this paper have been deposited in the NCBI sequence read archive (BioProject
accession no. PRINA528986, BioSample accession nos SAMN11263616—
SAMN11263639 and SAMN11258802-SAMN11258825). The assembled
contigs used in this study can also be found at https://scripps.ucsd.edu/labs/
aallen/data/ and BCO-DMO project number 558198 (https://www.bco-dmo.
org/project/558198). All data generated or analysed during the current study are
included in this published article and its supplementary information files.
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Study description This was a multi-faceted study on diatom bloom dynamics, virus infection, and silicon cycling conducted aboard the R/V Point Sur in
the California Coastal Ecosystem and in laboratory cultures of a model diatom host-virus system. There were no treatments, design
structure or experimental units associated with observational field samples. Two treatment factors were used for culture
experiments: infected or uninfected, replete or silicon-limiting media. A nested design structure with repeated measures for each
experimental unit was used to test the interaction between nutrient concentration and viral infection. Within an experiment, there
were 12 experimental units, with triplicates for each treatment.

Research sample Samples from natural populations consisted of whole seawater collected from multiple depths and contained a community of
organisms. Laboratory experiments were conducted using the diatom, Chaetoceros tenuissimus and its associated viruses, CtenDNAV
and CtenRNAV, provided by Dr. Yuji Tomaru at the National Research Institute of Fisheries and Environment of Island Sea in Japan.

Sampling strategy Field samples were collected based on the surface irradiance within the euphotic zone. The duration of the cruise and the time
available for each station dictated the sample size and was deemed sufficient based on previously published studies. For laboratory
culture experiments, sample size was determined to be sufficient based on low variability between replicates.

Data collection Field based samples were collected using Niskin bottles attached to a rossette equipped with a conductivity, temperature and depth
sensor. Data were recorded at the time of collection on log sheets. Laboratory culture data were collected either via centrifugation or
filtration and recorded in notebooks.

Timing and spatial scale  Field-based sampling was conducted 27 June- 5 July 2013 sampled over a ~32,000 sq km region near Monterey Bay and Point Reyes,
CA. Stations were sampled daily because that was the time needed to sample and process a station and proceed to another station.
Periodicity of sampling in laboratory cultures is indicated on the x-axis of the associated figure. Samples were generally collected daily
with gaps due to non-working days. This periodicity was sufficient to resolved changes and differences throughout the approximately
1 week duration of the experiment.

Data exclusions No data were excluded.

Reproducibility Field based measurements were not reproduced as these represent observational snapshots in time and space. For culture-based
laboratory experiments, reproducibility was confirmed across independent experiments with biologically independent diatom
cultures and virus stocks generated separately for each experiment. Detailed methods of experimental design and sampling are
reported to ensure reproducibility.

Randomization Randomization is not relevant to the field-based aspect of this study because they represent observational samples. Station locations
were chosen based on in-situ chlorophyll fluorescence but the exact water mass that was sampled was arbitrary. For laboratory
culture work, cultures were subdivided into replicate flasks and those to which viruses were added were chosen randomly.

Blinding Except for the use of in-situ chlorophyll fluorescence measurements, we had no prior knowledge of bloom state prior to sampling.

Samples were collected with an alpha-numeric sequential designation and were analyzed without knowledge of the station or depth
the sample was derived from.

Did the study involve field work? [ Yes [ Ino

Field work, collection and transport

Field conditions Sampling took place during the early summer and conditions were typical for that region.

Location Oceanographic sampling took place between 36-39 degrees North and 121-123 degrees West. Samples were collected
throughout the euphotic zone ranging from the surface down to 55 meters.

Access and import/export Sampling locations were accessed while on-board the R/V Point Sur and compliance with all relevant laws was ensured by the
Captain and the crew operating the vessel.

Disturbance No disturbance was caused by this study.
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Cell line source(s) Chaetoceros tenuissiumus was provided by Dr. Yuji Tomaru at the National Research Institute of Fisheries and Environment
of Island Sea in Japan.

Authentication 18S rDNA sequencing
Mycoplasma contamination Cell lines were not tested for Mycoplasma contamination

Commonly misidentified lines No commonly misidentified cell lines were used.
(See ICLAC register)

Flow Cytometry

Plots
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Methodology

Sample preparation Throughout each experiment, cultures were sampled in a biological hood and measured immediately for abundance in a 96-well
plate in the BD Accuri C6 flow cytometer as described in the methods. For staining procedures, samples were stained and
measured immediately following the incubation with the stain. In order to insure similar incubations times between staining and
sample measurement for all samples, staining was staggered accordingly.

Instrument BD Accuri C6
Software Data was collected and analyzed using the BD Accuri C6 software.

Cell population abundance  Cell abundance was measured using flow cytometry (BD Accuri C6; 488 nm excitation, >670 nm emission) at a flow rate of 14 plL
min-1 and a 10 um core diameter. Cell populations were identified by plotting chlorophyll fluorescence and forward scatter.

Gating strategy For live/dead staining, unstained samples were used to set a threshold for background green fluorescence (488 nm excitation,
533/30 emission). The relative number of dead cells in a population (percent positively stained, with preliminary gating of the
population determined by forward scatter) was determined as those that exceeded the background fluorescence of the
unstained sample.

Intracellular reactive oxygen species (488 nm excitation, 533/30 emission) was measured by subtracting the mean fluorescence
of positively stained populations from the mean background cellular fluorescence of unstained samples (RFU event-1).
Threshold of unstained population was set with a preliminary gate of the population identified with chlorophyll fluorescence
(488 nm excitation, >670 nm emission) and forward scatter.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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