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ABSTRACT

Viruses are abundant in the world’s oceans and are thought to be important participants in
marine biogeochemical cycling. Of these viruses, cyanophages are considered especially
important because they infect and lyse cyanobacteria, which are some of the main primary
producers in marine environments. Cyanophages are thought to influence the abundance and
diversity of cyanobacterial populations and impart significant mortality, thereby affecting
primary productivity and microbial community structure. Despite their ecological relevance,
little is known about how environmental factors shape cyanophage abundance and diversity over
large temporal and spatial scales. To address this gap in knowledge, seawater samples were
collected during a research cruise transect from Honolulu, HI to San Diego, CA. The Myoviridae
family of cyanophage was targeted for this study because of its perceived ecological dominance
and the availability of molecular probes which can be used to measure their diversity and
quantify abundance. The g20 gene (which codes for portal vertex protein in myoviruses) was
targeted by an established primer set and used as a proxy for cyanomyophage abundance in
gPCR assays. Initial analysis of quantification data has revealed significant correlations between
cyanomyophage abundance and depth, dissolved inorganic carbon concentration, and total viral
abundance. Total viral abundance was also significantly correlated with depth. The lack of trends
between viral abundance and other environmental variables may have been due to the temporal

offset in the phage-host relationship, which needs to be taken into consideration in future studies.
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I. INTRODUCTION

Importance of marine viruses

Viruses are the most abundant biological entities in aquatic systems and have been
documented at densities up to 10° virus-like particles (VLP) mL™ (Bergh et al. 1989, Bratbak et
al. 1990, Proctor & Fuhrman 1990, Wilhelm & Suttle 1999). Typically, marine viral abundances
are lower than those reported for freshwater systems (Suttle 2005, Wilhelm & Matteson 2008).
Even so, estimates suggest that there are ~10% total VLP in the world’s oceans (Suttle 2005). To
put this astronomically high number into perspective, Suttle (2005) calculated that if all the
marine viruses were lined up end to end, the chain would span ~100 million light years
(assuming an average viral length of 100 nm). It has been widely theorized that a majority of
marine virioplankton are bacteriophages due to the correlation between bacterial and viral
abundances across studies and the fact that viruses outnumber bacteria by at least by an order of

magnitude or more in most aquatic environments (Borsheim 1993, Wilhelm & Matteson 2008)..

Participation in biogeochemical cycling and shaping of host communities

Recently, there has been increased interest in determining the role of bacteriophage in
ecosystem functioning. Phage are thought to contribute to marine biogeochemical cycles by
releasing bioavailable carbon and nutrients as dissolved organic matter (DOM) through the
infection and lysis of their hosts (Wilhelm & Suttle 1999, Brussaard et al. 2008). This lytic
activity results in a shuttling of carbon from “higher” trophic levels to the dissolved pool; a
process referred to as the “viral shunt” (Wilhelm & Suttle 1999). The percentage of bacterial
carbon which is released via the viral shunt has been estimated to be between 8-42% in offshore

and 6.8-25% in near-shore marine environments — on par with the effects of grazing (Wilhelm &
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Suttle 1999). Viruses are also implicated in the termination of algal blooms (Bratbak et al. 1990),
demonstrating their potential to control host populations on a massive scale. Thus, viral infection
is theorized to be an important cause of prokaryotic mortality in marine environments.
Bacteriophage are assumed to “select” their hosts through a “kill the winner” mechanism,
in which the most dominant microbes are more likely to succumb to viral infection due to
increased contact rates, enabling less dominant members of the community to flourish
(Thingstad et al. 1993, Thingstad & Lignell 1997). Through this process, phage influence
microbial community structure (Muhling et al. 2005, Rodriguez-Brito et al. 2010) and genetic
diversity within potential host populations (Weinbauer & Rassoulzadegan 2004, Sandaa et al.
2009). Evidence suggests that this selection process is the product of a constant evolutionary
arms race between phages and their hosts — hosts evolving to become resistant while new viruses
evolve to infect those host — a microbial manifestation of Red Queen Theory (Valen 1973,
Wilhelm and Matteson 2008) This continual evolution of the community results in the
generation of many phage-resistant bacteria (Waterbury & Valois 1993, Stoddard et al. 2007).
However, the generation of resistance is thought to be associated with a decrease in fitness,
which may promote reversions back to susceptible states in aquatic environments (Lennon et al.

2007, Marston et al. 2012).

Cyanophage

Cyanophage (i.e., viruses that infect cyanobacteria) were first isolated from fresh waters
in the 1960’s (Safferman & Morris 1963) and have since been found in nearly every aquatic
system studied to date (Moisa et al. 1981, Suttle & Chan 1993, Waterbury & Valois 1993, Suttle

& Chan 1994). The picocyanobacteria Synechococcus and Prochlorococcus are the dominant



primary producers in the ocean, together providing around 25% of global photosynthesis
(Partensky et al. 1999), and thus the cyanophage which infect them are historically the most
widely studied of the marine viruses. Cyanophage reduce primary productivity by inducing lysis
of their cyanobacterial hosts (Proctor & Fuhrman 1990, Suttle et al. 1990). This influence of
cyanophage infection on primary production has been termed “side-in” control (Bratbak et al.
1993b), though recently the term “top-down” control has become more widely used (Weinbauer
& Hofle 1998, Zhao et al. 2013). The percentage of Synechococcus infected on a daily basis has
been estimated to be in the range of around 2% - 10% in certain marine environments (Suttle &
Chan 1994, Wang et al. 2011), while others have come up with percentages as high as 46%
(Matteson et al. 2013).

In many cases, cyanophage have been known to have genes within their genomes that
appear to be of host origin (Mann 2003, Lindell et al. 2004, Millard et al. 2004, Sharon et al.
2009). Not only do these genes have the potential to participate in horizontal gene transfer, thus
contributing to host diversity, but evidence also shows that some of these genes are active during
infection and may give phage an adaptive advantage (Lindell et al. 2005, Clokie et al. 2006,
Sharon et al. 2009, Thompson et al. 2011). During infection, the cyanobacterial host blocks the
transcription and translation of host genes as a defense mechanism against phage proliferation
(Sherman & Pauw 1976, Schneider & Shenk 1987, Rohwer & Thurber 2009). It has also been
demonstrated that the Synechococcus phage AS-1 can degrade the host genome within an hour
after a successful infection (Sherman & Pauw 1976). Without intervention, photosynthesis is
gradually shut down under infection conditions because rapid-cycling photosynthesis proteins,

such as the photosystem Il (PSIl) D1 protein, are steadily depleted (Lindell et al. 2005).



However, cyanophage encode and produce proteins from their own hijacked versions of these
genes, called “host auxiliary genes,” perhaps allowing photosynthesis to continue unhindered
during infection (Lindell et al. 2005, Clokie et al. 2006). Also, it has been demonstrated that
cyanophages can use host auxiliary gene products to redirect host metabolism towards pathways
which are more favorable to phage proliferation, such as from carbon fixation towards dNTP
synthesis (Thompson et al. 2011). Thus, cyanophage alter their host’s contribution to

biogeochemical cycling in life as well as through cell lysis.

Dominance of cyanomyoviruses in aquatic systems

To date, most marine phage isolates and all cyanophage isolates belong to the order
Caudovirales, or “tailed viruses” (Borsheim 1993). The tailed viruses are divided into three
families, Siphoviridae, Podoviridae, and Myoviridae, which are differentiated based on
morphology (Maniloff & Ackermann 1998). Though representatives from all three families have
been demonstrated to infect cyanobacteria, the most frequently isolated cyanophage are members
of the family Myoviridae (Suttle & Chan 1993, Waterbury & Valois 1993). Myoviruses are
distinguished by their icosahedral capsids and contractile tails (Maniloff & Ackermann 1998).
The family Myoviridae is subdivided into six genera, but most isolated cyanophage fall into the
“T4-like” phages (Sullivan et al. 2010), which are known to be primarily lytic (Maniloff &
Ackermann 1998). All T4-like myoviruses have a core genome consisting of 38 genes, but
cyanophages in this genera have a unique set of 25 core genes which distinguish them from
myoviruses that infect other hosts (Sullivan et al. 2010). Unfortunately, the other two
cyanophage families do not share any core genes with the cyanomyoviruses, so they must be

studied separately when molecular methods are to be used (Paul et al. 2002). The



cyanopodoviruses have some core genes (Sullivan et al. 2005), and primers have been developed
which target their DNA polymerase gene for use in phylogenetic studies (Labonte et al. 2009).
However, no primers have been developed for quantitative assays of cyanopodoviral abundance.
The Siphoviridae possess no core genes to target for molecular studies (Sullivan et al. 2009,
Huang et al. 2012).

Myoviruses are popularly considered the most dominant family of cyanophage because
they have a broad host range (Suttle & Chan 1993, Waterbury & Valois 1993), and are the most
commonly isolated in the laboratory (Mann 2003, Weinbauer 2004), which may be a product of
their broad host range rather than their prevalence in the environment. However, it was also
found that a cyanomyoviral marker gene was highly prevalent in both the Sargasso Sea and the
South Pacific Ocean (Matteson et al. 2013). Moreover, T4-like myoviral genes are frequently
identified in oceanic metagenomic surveys (Rusch et al. 2007, Yooseph et al. 2007). Since
myoviral molecular markers appeared in the microbial fractions in these studies (which should
have excluded any free floating viral particles and only included ones inside or intimately
associated with host bacteria), this suggests that not only are myoviruses extremely common, but
they are actively infectious.

Historically, the abundance of cyanophage has been determined using most probable
number assays (MPN) and plaque assays (PA); both of which require the propagation of natural
viral samples on certain hosts (Waterbury & Valois 1993, Suttle & Chan 1994, Garza & Suttle
1998, Sullivan et al. 2003, Millard & Mann 2006, Wang et al. 2011). Marine cyanophage
abundances determined through these techniques range from undetectable to ~10° cyanophage

mL™ (Table 1). However, since no universally permissive host has been identified, these assays



likely underestimate the abundance of infectious cyanophage in aquatic environments
(Waterbury & Valois 1993). Recently, a gPCR protocol has been optimized which enables the
quantification of the g20 gene as a proxy for cyanomyoviral abundance (Matteson et al. 2011).
This method has been used previously to demonstrate the high abundance of cyanomyophage in
both freshwater and marine systems (Sandaa & Larsen 2006, Matteson et al. 2011, Matteson et
al. 2013), and though it only targets one cyanophage family, it avoids the problem of identifying
a universally permissive host, which most likely does not exist. A comparison of the cyanophage
abundances obtained from culture-based and molecular methods are shown in Table 1. Though
some abundances obtained from MPN assays are close to those found using the molecular
method (in the realm of 10° cyanophages mLY), it must be noted that the two methods have not
yet been used in tandem on the same samples, so it is not possible to draw conclusions about
how they compare except on a theoretical standpoint.

The current qPCR protocol to examine cyanomyoviruses employs the same forward
primer employed in numerous studies of cyanomyophage genetic richness (Fuller et al. 1998,
Zhong et al. 2002, Muhling et al. 2005, Wilhelm et al. 2006, Sullivan et al. 2008, Wang et al.
2010), providing an overlap with known phylogenies. This protocol enables the amplification of
around 80% of the g20 genes found in known cyanomyoviral isolates (Zhong et al. 2002). One
caveat is that the primers used in these studies are under scrutiny because phylogenetic trees
assembled from environmental g20 gene amplicons produce some clades with no isolated
cyanomyoviral representatives, suggesting that they may also amplify T4-like myoviruses
infecting non-cyanobacterial hosts (Sullivan et al. 2003, Short & Suttle 2005, Wilhelm et al.

2006). On the other hand, no isolated T4-like myoviruses infecting other hosts have produced



g20 amplicons through the use of this assay (Zhong et al. 2002) and so far, no alternative source
for this genetic material has been positively identified, suggesting that these primers likely target
only cyanomyoviruses (Matteson et al. 2011). Furthermore, molecular methods producing
amplicons in clades without cultured representatives are used frequently, and it is not uncommon
for representatives from these clades to be identified and cultured later on (Stingl et al. 2007).
Though these cyanomyophages are widely studied in terms of phylogenetic diversity, only a few
studies have investigated how ecological factors affect their abundance over large geographical

areas.



Table 1. Comparison of cyanophage abundance estimates across studies using differential
quantitative methods. Only the highest recorded abundance for each study is reported. In the
method column, PA = plagque assay, MPN = most probable number assay, g20 = gPCR targeting
cyanomyoviral g20 gene. Culture-based assays (MPN and PA) propagated phage on several
strains of cyanobacteria in the genus indicated (Syn. = Synechococcus, Pro. = Prochlorococcus).
It should be noted that the gPCR method calculates the total cyanomyoviral abundance
(infectious and inactivated), while the other methods determine the abundance of cyanophage
that infect the chosen host(s) (of all cyanophage families).

Max. Abundance Method Hosts Environment Source

>10°VLPsmLt  PA gyn.  Gulf of Mexico and Suttle & Chan, 1994
Arkansas Pass

>10* VLPs mL™ MPN Syn. Coa_stal and Oligotrophic ~ Waterbury & Valois,
marine 1993

>10°VLPsmL*  MPN Syn.  Gulf of Mexico Garza & Suttle, 1998

>10°VLPsmL*  MPN Syn.  Chesapeake Bay Wang et al., 2011

>10°VipsmLt  mpN  yn-&  Coastal and Oligotrophic g i an e a1 2003

Pro. Atlantic

>10° copiesmL™* @20 - Lake Erie Matteson et al., 2011

>10° copies mL™?  g20 - South Pacific Matteson et al., 2013

>10% copiesmL™* 20 - Norwegian Coast Sandaa & Larsen, 2006




Ecological conditions affecting viral abundance and activity

The in situ viral abundance in the ocean is the result of the production and
degradation/inactivation of viral particles (Weinbauer et al. 1999, Wilhelm & Suttle 1999). Since
viral abundance remains relatively constant over long periods of time, logically, the rate of viral
production must be in balance with the rate of removal to maintain the steadily high abundances
observed in aquatic environments (Wilhelm et al. 1998). Evidence suggests that environmental
factors may also play a role in both destructive and productive viral processes (Suttle & Feng
1992, Noble & Fuhrman 1997, Bongiorni et al. 2005, Danovaro et al. 2011), thus possibly
influencing the total abundance of viruses in aquatic environments. Evidence also suggests that
the constraints on viral abundance differ between disparate environments (Danovaro et al. 2011,
Rowe et al. 2012). However, research on how environmental parameters affect the abundance of
individual phage families in aquatic environments is largely lacking, as most existing data focus
on total viral abundance (Matteson et al. 2013). Considering the monumental diversity housed
within marine phages (Suttle 2005), there could be any number of variables acting on each
specific group, thus obscuring the interactions taking place when observed from a total
population standpoint. Therefore, determining the abundance and activities of distinct phage
families in different ecological conditions may be crucial to understanding phage ecology.

Since cyanophages are obligate parasites, it makes sense that cyanophage abundances
should correlate with cyanobacterial production and abundance more readily than other
environmental variables (Suttle 2000). In fact, some studies have found correlations between
total viral abundance and cyanobacterial abundances over long time spans in marine

environments (Yang et al. 2010, Parsons et al. 2012). Some environmental studies have shown



similar relationships between cyanophage and their hosts, uncovering positive correlations
between host abundance and productivity with total cyanophage and cyanomyoviral abundance
(Suttle & Chan 1994, Matteson et al. 2013). However, this relationship is complicated by the
temporal nature of the host-phage dynamic. In the model proposed by Wommack and Colwell
(2000), epidemic phage infection happens shortly after host abundance has reached its peak,
causing a lag period, subsequent drop-off in host abundance, and increase in phage abundance.
Matteson et al. (2012) observed this offset during a phytoplankton bloom in the South Pacific
Ocean, where the activity of the total viral community lagged 24 hours behind that of the
bacterial community. Since the phage-host relationship is out of sync temporally, environmental
parameters may prove to be better predictors of phage abundance in the environment if they do
indeed influence viral dynamics.
Evidence of environmental control on cyanophage abundance

Studies have shown that total viral abundance is low both in oligotrophic waters farther
from shore and deeper in the water column (Weinbauer 2004, Suttle 2005). Cyanophage
abundances seem to vary in a similar manner. For example, in an MPN-based study in the Gulf
of Mexico, cyanophage abundance decreased with increasing distance from shore and depth
(Suttle & Chan 1994). Interestingly, in this same study it was shown that Synechococcus cells
from offshore stations were more susceptible to cyanophage infection. The lower abundances of
cyanophage probably resulted in decreased contact rates between host and phage, thus the
selective pressure for resistance was much less pronounced farther from shore (Suttle & Chan
1994). This may be one reason cyanophage can persist in oligotrophic waters despite lower host

abundances (Suttle & Chan 1994). The effect of depth on cyanophage abundance is likely a
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function of the availability of photosynthetically active radiation (PAR) for photosynthesis.
However, cyanophage proliferating at depths with high PAR availability are subject to higher
doses of UV radiation (Llabres et al. 2010), which causes phage inactivation (Weinbauer et al.
1999). It has been found that UV-related phage decay rates are high at the surface and decrease
with increasing depth (Garza & Suttle 1998, Weinbauer et al. 1999), perhaps allowing phage to
persist at deeper depths for longer periods of time. This also necessitates that cyanophage in
surface waters must be rapidly replaced to balance out UV-related decay rates and sustain the
high abundances observed there. Though cyanophage abundance has been found to have an
inverse relationship with depth, few studies have collected cyanophage abundances below the
first 25 m of the water column.

Some evidence exists to support the idea that phosphate is a limiting factor to cyanophage
growth; for example, it was demonstrated previously that phosphate limitation caused decreased
burst sizes and increased latency periods in three specific cyanomyophages (S-PM2, S-WHM1,
and S-BM1) infecting Synechococcus WH7803 (Wilson et al. 1996). Similarly, it was shown that
phosphate limitation dramatically inhibited the production of viruses infecting Emiliania huxleyi,
a marine coccolithophorid (Bratbak et al. 1993a). However, nitrate limitation had virtually no
effect on viral production in the same study, which is interesting, considering nitrogen is one of
the most common limiting nutrients in marine environments (Eppley et al. 1973). Cyanophages
have also been known to encode genes involved in phosphate acquisition, some of which are
more active during infection in phosphate limited environments (Zeng & Chisholm 2012). It is
theorized that phosphate may be influential in viral proliferation because there would be a high

demand for the molecule during the manufacture of nucleic acids (Wilson et al. 1996).
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Higher temperature waters have been associated with higher viral decay rates (Garza &
Suttle 1998). However, it was demonstrated that cyanophage concentration was greatest in
higher temperature waters in the Gulf of Mexico (Suttle & Chan 1994). Viral abundance seems
to vary predictably with the seasons, with higher numbers during the summer and spring and
declining numbers in the fall and winter (Waterbury & Valois 1993, Suttle & Chan 1994,
McDaniel et al. 2002, Wang & Chen 2004). This correlates well with temperature changes, but
also with other parameters that vary seasonally, such as host abundance and productivity.
However, temperature seems to have differing effects on viral abundance depending on the
geographical region being studied (Danovaro et al. 2011), and some areas reveal no obvious
relationship between temperature and cyanophage abundance (Matteson et al. 2013), suggesting

complex relationships exist between cyanophage and the environment.
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Il. RESEARCH OBJECTIVES

To date, most studies of virus abundance and distribution have focused on the total viral
community (i.e., virus particles determined via direct counts) rather than on individual
populations. Though it is useful to monitor community behavior, this approach overlooks the
contributions of individual virus genotypes or groups, which may react uniquely to
environmental changes, resulting in an incomplete understanding of viral ecological functions.
Considering the perceived vast diversity of marine viruses, it is both an important and daunting
task to assess the distribution of specific viral families in various environmental conditions.
There is also a dearth of information on viral dispersal over large geographical and temporal
scales. To this end, we investigated the abundance of cyanomyoviruses over a transect in the
Pacific Ocean spanning the region from Hawaii to the California coast. This transect traversed a
temperature gradient, allowing samples to be collected over a wide range of temperatures in both
coastal and oligotrophic ocean waters. As previous research indicated that environmental factors
have differential effects on total phage abundance, we proposed the following main hypothesis

and sub-hypotheses:

Hypothesis: Environmental factors affect cyanophage abundance in the Pacific Ocean -
1. Cyanophage abundance increases with water temperature
2. Cyanophage abundance is highest at the surface and decreases with depth.
3. Waters with higher phosphate concentrations have higher cyanophage
abundance.

To investigate these hypotheses, we completed the following research objectives:

13



Water samples were collected on a transect from Hawaii to San Diego (CA) to sample

across a series of temperature and geochemical regimes.

Flow cytometry, epifluorescence microscopy, and gPCR were performed to obtain host,

total viral, and cyanomyophage abundances (respectively).

Marine physiochemical measurements were recorded along the transect (temperature,

salinity, pH, nutrient concentrations).

Statistical analyses were applied to assess relationships between biological and chemical

parameters.

All bacterial and cyanobacterial abundances, nutrient concentrations, and pH

measurements were collected by members of Dr. Zackary Johnson’s lab (Duke University,

Durham, NC). Epifluorescence microscopy and gPCR counts were conducted by me with some

assistance from Alise Ponsero (CEA Saclay, France). The R scripts for processing data,

exploring environmental relationships, and generating figures were written by me with a lot of

help from Dr. Drew Steen (University of Tennessee — Knoxville, Knoxville, TN).
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I11. METHODS

Collection of field samples

The POWOW1 (Phytoplankton of Warming Ocean Waters) cruise was conducted
between March 1 (Julian day 61) and March 11 (Julian day 70), 2012] aboard the R/V Thomas
G. Thompson (cruise track shown in Fig. 1). Depth profile samples for viral counts and gPCR
analysis were collected at the surface (c. 3-4 m), 25 m, 100 m, 300 m, and the deep chlorophyll
maximum (DCM) (c. 5:30 am, local time) from the rosette sampler using Niskin bottles. Samples
for nutrient concentrations, flow cytometry counts, chlorophyll a concentrations, and measures
of acidity were collected at 0 m, 15 m, 25 m, 50 m, 75 m, 100 m, 125 m, 150 m, 175 m, 200 m,
and the DCM in the same manner. Depth, temperature, salinity, and in situ fluorescence were
recorded by the ship’s CTD (conductivity, temperature, depth) package attached to the rosette
sampler. The DCM was determined daily as the depth with maximum in situ fluorescence.
Bottles for sample collection were rinsed vigorously three times with MilliQ water, dried
overnight, and then rinsed three times with seawater from the appropriate depth immediately
prior to sample collection. Underway samples were collected daily in sterile polycarbonate
bottles (c. 1:00 pm, local time) from the ship’s clean surface pump (c. 5 m) starting after station
4. Temperature, salinity, and coordinates for underway samples were recorded from ship-board
Sensors.
Nutrient concentrations

All nutrient concentrations were measured by Dr. Zackary Johnson’s group (Duke
University, Durham, NC). Ammonium (NH,4) was measured in unfiltered samples on-board the

Thompson following Holmes et al. (1999). Samples for DIC concentration determination were
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collected following procedures detailed in Dickson et al. (2007). The DIC concentration was
measured in mercuric chloride poisoned samples which were subjected to acidification. The
subsequent release of CO, was measured with a CO, detector (Li-Cor 7000) and measurements
were calibrated against Certified Reference Materials (provided by Dr. A.G. Dickson at Scripps
Institution of Oceanography, University of California San Diego).

Water samples for all other nutrient analyses (NO,, NOs, POy, SiOH,4) were collected in
HCl-cleaned HDPE bottles (VWR#414004-110) and stored at -80°C before processing. Nutrient
concentrations were determined from duplicate samples run on an Astoria-Pacific A2
autoanalyzer following the manufacturer’s recommended protocols. Certified reference materials
were used to verify protocols (Inorganic Ventures: QCP-NT, QCP-NUT-1, CGSI1-1). The
detection limits for each nutrient were 0.05 uM (PO4 and NO>), 0.2 uM (SiOHy), 9.0 nM (NH,),
and 0.1 puM (NO3). Sample concentrations were reported as BDL (below detection limits) if the
mean fell below quantifiable limits.
gPCR g20 quantification

Plasmid standards for gPCR were made from PCR-amplified g20 from Synechococcus S-
PWML1 phage with CPS1 and CPS8 primers as previously reported (Zhong et al. 2002, Matteson
et al. 2013). Amplicons were cloned into a TOPO-TA pCR 2.1-TOPO cloning vector according
to the product manual (Invitrogen, Carlsbad, CA). Plasmids were purified using the Qiaprep Spin
Miniprep kit (Qiagen, Valencia, CA). Clones were verified via EcoRI digestion, gel
electrophoresis, and sequencing by the University of Tennessee Molecular Biology Resource
Facility. The plasmid DNA concentration and quality (A2sorso) Were measured with a

NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific, Waltham, MA). The molecular
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weight of each plasmid and insert was determined using OligoCalc (ver. 3.26) (Kibbe 2007).
Avogadro’s number was used to determine standard plasmid copies per uL (6.022 x 10 plasmid
copies mol™). Standards were freshly diluted from a plasmid stock stored at -80° C in TE buffer.
Each standard gqPCR reaction contained between 10 and 10° copies per reaction. Reactions were
run in low-profile 96-well plates (Bio-Rad, Hercules CA) and sealed with optically clear flat 8-
cap strips (Thermo Scientific). Standards were run in duplicate or triplicate and assayed with at
least five different dilutions to generate a linear standard curve.

Samples for gPCR analysis were flash frozen in liquid nitrogen. Once transported back to
the lab, the samples were transferred to a freezer and stored at -80° C until processed. The gPCR
protocol followed details in Matteson et al. (2011). Prior to qPCR quantification, samples were
subjected to ultracentrifugation at 90,000-100,000 x g for 3 hours at 4° C (Sorvall WX Ultra 80,
Thermo Scientific). Pelleted samples were resuspended in 25 L sterile water and stored at -20°
C until use. Since pelleted samples always contained a small amount of additional seawater, the
actual resuspended volume was determined through pipetting. Each plate was run on an Opticon
2 Real-Time PCR Detector (BIO-RAD) with triplicate wells containing a known number of
intact S-PWML1 phage particles (quantified via epifluorescence microscopy as described later in
the methods) for on-going standard verification. All plates yielded acceptable estimates of S-
PWML1 abundance. Environmental samples were quantified in triplicate across three ten-fold
dilutions. PCR inhibition and recovery for this assay was assessed previously (Matteson et al.
2013). Each 25 pL reaction contained 5 pL sample or standard, 12.5 plL Thermo Scientific
Absolute SYBR Green QPCR mix (Thermo Scientific, Waltham, MA), 280 ng pL™ bovine

serum albumin (BSA) (Fisher Scientific), 0.30 uM CPS1 forward and 0.60 uM CPS2 reverse
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primers (both HPLC purified by Eurofins MWG Operon, Huntsville, AL). Plates loaded with
template and master mix were centrifuged at 1700 x g at room temperature for 2 min prior to
each gPCR reaction in a benchtop centrifuge (Sorvall Legend RT, Thermo Scientific).

PCR conditions consisted of an initial denaturation step at 95° C for 15 min followed by
35 cycles of 95° C for 10 s, 53° C for 30 s, and 72° C for 30 s, with fluorescence quantified at the
end of each cycle. A second plate read at 77° C was completed after each cycle to ensure only
the g20 product was being measured and eliminate quantification of non-specific binding
(Morrison et al. 1998, Matteson et al. 2011), as primer dimers were often evident at low copy
numbers. Following amplification, a melting curve was read every 1° C from 40° to 95° C to
check primer specificity and non-specific amplification. Negative controls were loaded with
molecular biology grade water (Fisher Scientific) without DNA template. The detection limits
for gPCR were previously determined by Matteson et al. as ca. 10 copies per reaction using this
protocol (Matteson et al. 2013).
Flow cytometry and chlorophyll measurements

Flow cytometry and chlorophyll measurements were all performed by Dr. Zackary
Johnson’s group. Phytoplankton were enumerated using a FACSCalibur flow cytometer (Becton
Dickinson) and cyanobacterial and eukaryotic phytoplankton populations were characterized as
previously described (Johnson et al. 2010). Briefly, cells were excited with a 488 nm laser (15
mW Ar) and inelastic forward (<15°) scatter, inelastic side (90°) scatter (SSC), green (530 £ 30
nm) fluorescence, orange fluorescence (585 = 42 nm), and red fluorescence (> 670 nm)

emissions were measured. Population geometric mean properties (scatter and fluorescence) were
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normalized to 1.0 um yellow-green polystyrene beads (Polysciences, Warrington, PA) and
typically have excellent reproducibility (5-10% CV) (Lin et al. 2013). To quantify heterotrophic
bacteria, the samples were stained with SYBR Green-1 (Molecular Probes Inc.) (Marie et al.
1997) and Prochlorococcus abundance was subtracted from the total bacterial population.

Chlorophyll concentrations were measured by filtering 100 mL of seawater sample onto a
22 pm, 2 yum or 20 pm pore size polycarbonate filter using a gentle vacuum (<100 mm Hg) and
extracting in 100% MeOH at -20°C in the dark for >24 h (Holmhansen & Riemann 1978).
Fluorescence was measured using a Turner Designs 10-AU fluorometer calibrated against a solid
chlorophyll standard (Ritchie 2006) following Welschmeyer (1994).

Epifluorescence microscopy

Total viral abundances were determined from flash frozen (liquid N2) samples fixed with
0.5% (v/v) glutaraldehyde and stored at -80° C. The protocol for obtaining total virus counts was
followed as detailed in Ortmann and Suttle (2009). All reagents for epifluorescence microscopy
were filtered with 0.02 um pore size Anotop Plus syringe filters (Whatman®) to remove any
viral particles. Samples were thawed on ice and diluted with filtered A+ media. Each diluted
sample was vacuum filtrated onto a 0.02 um pore size Anodisc™ filter (Whatman®). Filters
were stained in the dark with 1:4000 diluted SYBR green (Lonza, Rockland, ME). Once dried,
the filters were placed on slides fixed with antifade made from 50:50 PBS/glycerol and 0.1% p-
phenylenediamine. Slides were either counted immediately or frozen at -20° C until later (two

days maximum storage time). Each slide was thawed only 1 time before counting. Slides were
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counted on a Leica DM5500 B at 1250 times magnification under blue excitation (Agx, 440 to
480 nm; Agm, 527 to 530 nm) (Leica Microsystems, Wetzlar, Germany). At least 20 independent
fields or 200 VLP were counted for each slide. The number of VLPs mL™ (Vt) were calculated
using the following equation (Ortmann & Suttle 2009):

. Ve At/Af
= — %
Fc S

Where Vc = total number of VLPs counted per slide, Fc = total number of fields counted
per slide, At = surface area of the filter (um?), Af = area of each field (um?), and S = volume of
sample filtered (mL).

Virus-host contact rates and cell lysis estimates

Contact rates for the total virus community and the cyanomyoviral population (using g20
abundance as a proxy) to heterotrophic bacteria and cyanobacteria (Synechococcus, and
Prochlorococcus) were calculated according to the Murray and Jackson equation (1992), and as
detailed in (Matteson et al. 2013):

contacts mL* day*=(2-S n-®-Dy) - VB

Where VB = virus particles mL™ x bacterial cells mL™. A diameter (w) of 0.45 x 10 cm
was used for heterotrophic bacteria (Lee & Fuhrman 1987), while a diameter of 1.0 x 10 cm
was used for Synechococcus (Waterbury et al. 1986) and 0.5 x 10™ cm for Prochlorococcus
(Morel et al. 1993). Diffusivity of virus particles (Dv) was assumed to be 3.456 x 10 cm? day™
as in Murray and Jackson (1992). A Sherwood number (S) of 1.06 was used since the population

was assumed to be ~10% motile (Wilhelm et al. 1998). This number was then divided by the size
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of the standing stock population in cells mL™ to derive the number of contacts cell* day™.
Though the motile population would make up a smaller proportion of the combined
Synechococcus and Prochlorococcus populations, the same Sherwood number was used to
simplify calculations.

To estimate the rate at which Synechococcus and Prochlorococcus cells would need to be
lysed to support the observed cyanophage population, a conservative decay rate of 0.5 day™ and
a previously determined burst size of 81 viruses per Synechococcus cell lysed (Garza & Suttle
1998) or 40 viruses per Prochlorococcus cell lysed. The combined cyanobacterial population
inferred mortality rate estimated used a burst size of 81 viruses per cell to simplify calculations.
Estimates of cells lysed day™ were then divided by the estimated abundances of Synechococcus
cells mL™ to approximate the percentage of the standing population lysed to support observed
cyanomyoviral abundances. All cyanobacteria lysed in the Pacific Ocean were estimated from
surface abundances since decay rates have not been determined for the other depths sampled in
this study.

Statistical analyses

Threshold cycle (Cy) calculations for each gPCR assay were completed using the MJ
OPTICON Monitor Analysis software (ver. 3.1) with the Global Minimum setting. The threshold
for all reactions was manually adjusted to obtain standard curves with the highest correlation
coefficient (r?). Standard curves (log gene copy number vs. Cy) for each qPCR assay were used
to determine total gene copies in the samples. Wells with amplification efficiency under 50%
were excluded from analysis. The relationships between biological parameters and g20 gene

copies were determined on untransformed abundances using R (ver. 0.97.314). Pearson and
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Spearman correlations were determined using the corr.test function in the psych package (ver.
1.3.2). Other packages in R (such as ggplot2 [ver. 0.9.3], reshape [ver. 1.2.2], and plyr [ver.
1.2.12]) were used in combination with Sigmaplot (ver. 10) to visualize and transform data for

analysis.
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Figure 1. POWOW 1 cruise track satellite image. Points indicate sampling sites, and colors show the
surface temperature in degrees Celsius. Image taken by NASA Aqua MODIS with cruise track and
stations overlaid, February 26-March 4, 2012.
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IV. RESULTS

Global trends across the cruise track

Environmental variation across the transect

Temperatures across all depths and stations ranged between 7.4° and 23.4° C (Fig. 2A).
Predictably, higher temperatures were recorded in surface waters with progressively lower ones
down through the water column. The lowest temperatures were recorded at the 300 m depths, as
they fell below the thermocline for the entirety of the cruise. Surface temperatures ranged
between 13.5° and 23.4° C. Salinity ranged between 25.04 and 35.43 psu (Fig. 2D). Recorded
pH levels ranged between 7.66 and 8.10 (Fig. 3A). Temperature, pH, and salinity co-varied and
decreased steadily over the cruise track from Hawaii to California.

Fluorescence remained below 1.5 FU (fluorescence units) for most of the transect, but
reached levels as high as 34.13 FU at the last station (Fig. 2B). Dissolved oxygen was distributed
somewhat evenly throughout the water column for the first several stations, and hovered around
~210 umol Kg™ for most of the transect (Fig. 2C). The last station, however, displayed more
oxygen stratification than all the previous ones, with oxygen concentrations as low as 0.358
umol Kg™* at 300 m and as high as 253.55 umol Kg™ at the surface. Silicate concentrations
ranged between 0.76 uM and 1.68 uM over most of the transect, steadily increasing from Hawaii
to California until increasing sharply to their maximum concentration of 18.53 uM at 100 m in
the last station (Fig. 3B). Phosphate concentrations were at their highest levels in coastal waters
and lowest at pelagic stations, with concentrations ranging from undetectable to 1.27 uM (Fig.

3G). Nitrite concentrations were mostly recorded at values below the nominal detection limit but
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Figure 2. Environmental variation over the transect. Measurements were recorded every 1 m
throughout the water column by a CTD mounted on the sampling rosette. The y-axis signifies the depth at
which each measurement was taken, while the x-axis represents the position on the transect in longitude

(degrees east). (A) Temperature in °C. (B) Fluorescence. (C) Dissolved oxygen, in umol Kg™. (D)
Salinity, in PSU.
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Figure 3. Variation in nutrient concentrations and acidity across the transect. Note that the
y-axis scales are different for each plot. The x-axis corresponds to the longitude at which the
sample was collected in degrees east. (A) pH. (B) Silicate concentrations, in uM. (C) Dissolved
inorganic carbon concentrations, in uM. (D) Ammonia concentrations, in nM. (E) Nitrate
concentrations, in uM. (F) Nitrite concentrations, in uM. (G) Phosphate concentrations, in uM.
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had a maximum concentration of 0.11 uM, which was found at the DCM of an oligotrophic
station (Fig. 3F). Ammonia concentrations were below detection limits for all depths at stations
8, 10, and 12, but they were also commonly found at levels between ~10 nM and ~30 nM across
the transect (Fig. 3D). Some of the highest ammonia and nitrite concentrations occurred at the
DCM depth at oligotrophic stations, but the highest overall ammonia concentration was found at
the DCM of the final station (~79 nM). Nitrate concentrations, for the most part, remained at
levels below the nominal detection limit over the entirety of the cruise with a few exceptions at
coastal stations (max = 9.19 uM) (Fig. 3E). Generally, DIC concentrations increased with
increasing distance from shore, though the maximum concentration was recorded at the coastal

transition zone near the California coast (min = 2052 uM, max = 2140 uM) (Fig. 3C).

Biotic variation across the transect

Throughout the water column, total chlorophyll o (<0.22 um) concentrations were
highest at the DCM (as would be expected, since the DCM was determined to be the depth with
maximum in situ fluorescence values) (min=0.023 pg L*, max=0.692 pg L), with the exceptions
of the surface at station 8 (longitude: 139.60 °E) and at 25 m at station 14 (longitude: -120.70 °E
(Fig. 4E). To explain some of this disparity, it must be noted that at station 8, the DCM was
sampled at 142 m, though the true DCM was at ~138 m. Chlorophyll o concentrations across the
transect ranged between undetectable and 0.065 ug L™ in the >20 um fraction (Fig. 4F), and
0.005 pg L™* and 0.271 pg L™ in the >2 um fraction (Fig. 4G). Both size fractionated chlorophyll
concentrations were generally higher at coastal stations and decreased further from shore. The

abundance of heterotrophic bacteria mL™ varied throughout the water column, but was usually
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Figure 4. Biotic variation over the cruise transect. Note the different scales on each y-axis. The x-axis
represents the longitude at which each sample was collected (in degrees east). Each shape and color
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were collected for the cyanobacterial counts and chlorophyll concentrations, only depths where
cyanomyoviral counts were also taken are shown here for ease of comparison. (A) Cyanomyoviral
abundance in g20 copies mL™. (B) total viral density in VLP mL™. (C) Synechococcus density in cells
mL™. (D) Prochlorococcus density in cells mL™. (E) total chlorophyll a concentration in ug L™. (F) Size
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concentration in the >2 um portion pg L™. Error bars represent the standard deviation (SD) for A, E, F,
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Figure 5. Bacterial distribution throughout the water column for each station. Each graph
corresponds to the following stations and longitudes: (A) station 2, -158° E; (B) station 4, -157.21° E;
(C) station 5, -153.43° E; (D) station 6, -148.89° E; (E) station 7, -144.41° E, (F) station 8, -139.60° E,
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E. The legend shows which line and symbol style corresponds to each bacterial count.
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lowest at the DCM and highest near the surface (Fig. 5). Over the cruise, the number of
heterotrophic bacteria hovered around ~10° cells mL™ until the last station, where there was an
abrupt spike in abundance to ~10° cells mL™. The number of Prochlorococcus cells ranged
between ~10° and ~10° cells mL™ and decreased gradually over the transect with the lowest
abundances recorded at the last station (Fig. 4D, Fig. 5). Synechococcus abundances ranged
between 5 and ~10° cells mL™ over most of the transect and throughout the water column, but
increased suddenly to ~10* cells mL™ at the last station (Fig. 4C, Fig. 5). These
picocyanobacterial abundances across the entire transect are within the range previously reported
for the ALOHA (A Long-term Oligotrophic Habitat Assessment) station (Prochlorococcus max.
~2 x 10°, Synechococcus max. ~2 x 10%) (Campbell & Vaulot 1993). The Synechococcus and
Prochlorococcus abundances are also similar to ones reported for the Southern Pacific Ocean
and the Sargasso Sea, respectively (Matteson et al. 2013).

Total viral abundance ranged between ~10° and ~10" VLP mL™ amongst all depths
sampled (Fig. 4B). At the surface, viral density appeared to increase from station 2 (longitude: -
158.00 °E) to station 14 (longitude: 120.70 °E), with the exception of the anomalously high
abundance at station 4 (longitude: -157.21 °E). Viral abundances at 300 m were low compared to
the other depths, though some stations had low abundances at other depths as well.
Cyanomyoviral abundances (using g20 copies mL™ as a proxy for number of phages mL™)
ranged between ~10* and ~10° phages mL™ across the transect (Fig. 4A). Overall, the number of
cyanomyoviruses was highest in the upper mixed layer and lowest at 300 m, with higher

abundances recorded at coastal or coastal transition stations. Generally, cyanomyoviruses
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outnumbered Synechococcus cells by around 3 orders of magnitude and Prochlorococcus by 1-3

orders of magnitude throughout the transect.

Coastal transition zone at station 14

Station 14, which was in the coastal transition zone off the coast of California, was
characterized by sharp increases in the concentrations of phosphate, nitrate, and DIC (all at 100
m) and ammonium (DCM, 40 m), as well as significant decreases in pH and temperature (100 m)
and salinity (DCM, 40 m) at certain depths. This station also displayed abrupt increases in
eukaryotic phytoplankton abundance, Synechococcus abundance, and all chlorophyll
concentrations (all depths except 100 m and 300 m), and a sharp decrease in Prochlorococcus
abundance. For all previous stations, the upper mixed layer was ~5-6 °C warmer than the 300 m
depth, however, there was only a 2.7 °C difference between 100 m and 300 m at station 14
(longitude: -120.70 °E). The lack of temperature variation throughout the water column in this
area suggests that this is the site of deep water upwelling, thus explaining the increases in
nutrients and phytoplankton abundance. For all previous stations, the oxygen ranged between
82.698 and 253.547 pmol O, Kg* throughout the water column. However, the oxygen
concentrations for the DCM and 300 m depths at station 14 were markedly lower than previous
stations, with measurements at 3.0317 pmol O, Kg™ and 0.358 pmol O, Kg™, respectively.
Taking into account the abrupt increases in nutrient concentrations, biotic variables, and wide
fluctuations in oxygenation indicate that station 14 is much more productive than any of the

other stations sampled.
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Correlations and calculated parameters

Correlational analyses

Since assumptions of normality were not met for all the collected data, Spearman correlation
analyses were performed instead of the more commonly used Pearson correlation analyses.
Spearman correlation analyses revealed many significant monotonic (rank-order) relationships
between biological and environmental parameters, as shown in Table 2 and Figure 6. Significant
positive correlations were found between cyanomyophage abundance and DIC (Fig. 7B),
cyanomyophage abundance and total viral density (Fig. 7A), cyanomyophage abundance and

depth, and total viral density and depth (Table 3).

Contact rates, inferred mortality, and % cyanomyophage

Inferred mortality rates of the Synechococcus standing stock in surface waters were
incredibly high across the transect, ranging between 11% and 2037% (Table 3). Only two
stations reported mortality rates below 100% of the Synechococcus standing stock. Previously,
the maximum observed percentage of Synechococcus standing stock required to be lysed to
maintain the observed cyanomyoviral population was only 46% (Matteson et al., 2013). The
inferred mortality rates for Prochlorococcus ranged between 2% and 16,768% across the
transect, however, only two stations had rates which exceeded 100% (station 8 with 16,768%
and station 11, with 258%) (Table 3). Excluding the stations with rates higher than 100%, the
maximum inferred mortality rate for Prochlorococcus was 67%. The inferred mortality rates
reported in this study appear to be driven by the high cyanomyoviral abundances along with
occasional crashes in cyanobacterial abundance, such as the one observed at station 8 where both

Synechococcus and Prochlorococcus abundances dipped to ~10? cells mL™ (Fig. 5). Contact
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rates for total viral abundance versus cell counts ranged between 10.24 and 24.4 contacts cell™
day™ for Synechococcus, between 5.12 and 12.2 contacts cell™ day™ for Prochlorococcus, and
between 4.61 and 10.98 contacts cell™ day™ for heterotrophic bacteria (Table 3). The contact
rates for g20 copies versus bacterial counts were between 0.24 and 8.4 contacts cell™ day™ for
Synechococcus, between 0.12 and 4.2 contacts cell™* day™ for Prochlorococcus, and between
0.11 and 3.78 contacts cell* day™ for heterotrophic bacteria (Table 3). Cyanomyoviruses
throughout the water column were estimated to account for anywhere between 0.8% and 101%
of the total viral population (Fig. 7). These percentages are much higher than those previously
observed (Matteson et al., 2013). Cyanomyoviral abundance for sample ID 2 (station 2, 25 m)
was excluded from analysis since all replicates had an amplification efficiency of ~20-30%,
which was much lower than the efficiency cut-off of 50%. Cyanomyoviral abundances were also
not obtained for sample ID 3 because the cryovial was lost during processing (CTD 2, 100 m).
Over 800 cyanophage isolates were obtained through plaque plating, but it is currently unknown
how many are unique phage, and g20 screenings have not yet been performed. Underway data is
supplied in the Appendix (Fig. 9, Fig. 10), but is not discussed in detail since it cannot be

compared to the other data collected here.

33



Table 2. Spearman correlation matrix of relationship between g20 copies and environmental
parameters on the POWOW1 cruise.

Parameter

Viral density P =0.014 rs=0.393
Heterotrophic bacteria P =0.255 rs =0.189
Picoeukaryotes P=0494 r,=0.114
Prochlorococcus P =0.702 rs =-0.064
Synechococcus P =0.546 rs=0.101
Chl (>2 um) P=0.857 ry;=-0.030
Chl (>20 um) P=0.948 r;=0.011
Total chl (<22 pm) P=0.292 r,=0.176
Dissolved O, P =0.891 rs =0.023
pH P=0.889 ry;=0.023
Salinity P=0.623 r,=-0.082
Temperature P =0.904 r,=0.020
Depth P=0.003 ry=-0.471
DIC P<0.001 ry=-0.522
NH, P=0.770 r;=0.049
NO, P=0526 r;=0.106
NO; P=0.895 r;=-0.022
PO, P=0491 r,=0.115

P, unadjusted P-values
rs, Spearman correlation coefficient
Those significantly correlated (P < 0.05) are shown in bold face
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Figure 6. Spearman correlation heat map of all biological and environmental parameters for the
upper mixed layer. Samples at 300 m were excluded from this analysis, as it explores the relationships
for the upper mixed layers only. The colored squares indicate the strength and direction (R value) of each
correlation, with green implicating a positive correlation and red a negative correlation. Stars indicate the
significance level, where “*” designates a p-value <0.05, and “**” a p-value <0.001. Variables are

grouped based on their category. A and B are both viral parameters, though they are not designated on the
chart.
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Figure 7. Significant correlations between cyanomyoviral abundance and other variables.
(A) Cyanomyoviral abundance (in g20 copies mL™) vs. DIC (in uM) (P < 0.001, r, = -0.5215).
(B) Cyanomyoviral abundance vs. viral density (in VLP mL™) (P = 0.0146, r, = 0.393).
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Table 3. Contact rates and inferred mortality in the surface waters of the North Pacific
Ocean. The specific contact rates for total viral counts and putative cyanomyoviral abundances
are shown in columns 3-8. The 9" and 10" columns show the number of Syn or Pro cells mL™
day™ that need to be lysed in order to maintain the observed cyanomyoviral density. These
numbers are calculated via the Murray and Jackson equation (1992) discussed in the Methods,
assuming an average burst size of 81 for Synechococcus, 40 for Prochlorococcus, and 81 for Syn.
+ Pro. The % lysed column shows the percentage of Syn. and Pro. standing stock that would
need to be lysed to replace 50% of the observed cyanomyoviral abundance.

Specific contact rate (cell™ day™)

Total viruses vs. 920 genes vs. Syn. lysed  Pro. lysed
(cellsmL?  (cellsmL?  Syn. Pro. Pro.+Syn.

Stn. Longitude  Syn. Pro. HB Syn Pro HB day™) day™) % lysed % lysed % lysed
*2 -158 1452  7.26 6.54 354 177 160 9506 19250 234% 13% 6%
4 -157.21 24.40 12.20 10.98 6.58 329 296 17654 35750 344% 45% 21%
5 -153.42 10.24 5.12 461 640 320 288 17160 34750 338% 31% 15%
6 -148.89 1584  7.92 7.13 444 222 200 11914 24125 292% 67% 30%
7 -144.41 1478  7.39 6.65 336 168 151 9012 18250 377% 20% 9%
8 -139.60 16.09 8.04 7.24 380 190 1.71 10185 20625 2037% 16768% 1635%
10 -131.85 16.85 842 7.58 024 012 011 636 1287.5 30% 2% 1%
11 -127.81 18.62 931 8.38 6.15 3.07 277 16481 33375 1685% 258% 118%
12 -123.78 22.60 11.30 10.17 840 420 3.78 22531 45625 1395% 45% 22%
14 -120.70 23.48 11.74 10.57 331 166 149 8889 18000 11% 65% 8%

Syn. = Synechococcus

Pro. = Prochlorococcus
HB = heterotrophic bacteria
Stn. = station number

* = station ALOHA

37



; 1.0 - @
_— v
E 08 - ® Om
s @ v 25m
g o ® o B 60m
z 0.6 1 <& 100m
2 9 v A 300m
2 @ DCM
g 04 1 o
© g
R
2021 4 v ¢ 3o N
= ® s o ®
o

o0l 8 & % ¥ vy

-160 -150 -140 -130 -120
longitude

Figure 8. Proportion of cyanomyovirus to total viral counts. The x-axis represents the
proportion of putative cyanomyoviruses to total viral counts, while the y-axis represents the
longitude at which the sample was collected in degrees east. The legend indicates the depth at
which each sample was collected.
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V. DISCUSSION

To this day, only three studies have focused on the quantification of cyanomyoviruses in
aquatic environments (Sandaa & Larsen 2006, Matteson et al. 2011, Matteson et al. 2013). One
of these was performed in a freshwater lake (Matteson et al. 2011), and none of which sampled
depths below 25 m. Here, we sampled depth profiles extending from the surface to 300 m, and
used gPCR to quantify cyanomyophages across an environmental gradient in the Pacific Ocean.
We discuss the data generated through this expansive study to help address the dearth in

understanding of how cyanomyoviral abundance is constrained in different environments.

Correlations between cyanophage and environmental and biotic parameters

Though evidence exists to support the idea that phosphate is an influential factor on
cyanophage proliferation (Wilson et al. 1996, Zeng & Chisholm 2012), our study did not reveal
any significant relationships between cyanomyophage abundance and dissolved phosphate
concentrations in the Pacific Ocean. We also did not find any significant relationships between
viral or cyanomyoviral abundance and temperature. Instead, cyanomyoviral abundance
correlated only with depth (Fig. 6, Table 2), total viral density (Fig. 7A), and DIC (Fig. 7B).
Total viral density also correlated negatively with depth (Table 2, Fig. 6), which is consistent
with other studies (Danovaro et al., 2011). It is likely that the negative correlation between DIC
and putative cyanomyoviral abundance is not indicative of any interaction between the two
variables. Instead, it may indicate a relationship between cyanophage abundance and distance
from shore, as has been observed previously (Suttle & Chan 1994). However, one study found an
inverse correlation between DIC concentration and bacterial productivity in the Indian Ocean,
suggesting that lower DIC concentrations may serve as an indicator of higher bacterial
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productivity (Ishii et al. 1998). Indeed, the DIC concentrations in this study were lowest near
coastal areas, which are normally characterized by higher productivity, and indicates there was
increased CO, consumption by phototrophs. However, cyanomyoviral abundance did not
correlate with any of the chlorophyll a fractions, which are very indirect measures of primary

productivity (Behrenfeld & Falkowski 1997).

Cyanomyoviral distribution

Cyanomyophage abundances ranged between 10* and 10° cyanomyophages mL™ for
most of the transect, then reached their maximum abundance of 3.86 x 10° phages mL™ at station
14 (Fig. 4A). These maximum cyanophage abundances are similar to ones reported for Lake Erie
(Matteson et al. 2011), but are higher than those recorded in the South Pacific by one order of
magnitude (Matteson et al. 2013) and at the Norwegian coast by roughly three orders of
magnitude (Sandaa & Larsen 2006). They are also higher than the cyanophage abundances found
in the Gulf of Mexico (~10° cyanophage mL™) (Garza & Suttle 1998), which were determined
through most probable number (MPN) assays using Synechococcus strains as hosts, and
therefore assumed to be underestimates of cyanophage density. In this study, putative
cyanomyoviruses were distributed through the water column in a depth dependent manner, with
higher densities at the surface (between ~10° and ~10° g20 copies mL™) and decreasing
abundances lower down (Fig. 4A). However, at the 300 m depth, cyanomyoviral densities
occurred in high abundances between ~10* and ~10° g20 copies mL™, which is comparable to
the numbers observed in the surface waters of the Sargasso Sea (Matteson et al. 2013).
Generally, Prochlorococcus and Synechococcus abundances were higher in the upper mixed

layer, then dropped abruptly between 100 m and 150 m (Fig. 5), except for station 5, which had

40



almost uniform abundances for all cell counts down to 200 m (Fig. 5C). Though cyanobacterial
counts were only quantified in the upper mixed layer and down to 200 m, it may be safely
assumed that 300 m depths contained lower cyanobacterial abundances than those seen at 200 m.
Because of this, the high density of putative cyanomyoviruses at 300 m is unexpected, since
there are few hosts for them to infect, and productivity at these depths should be low (Morel et
al. 1996). It is likely that these cyanomyoviruses are largely composed of phage particles
attached to marine snow (Weinbauer et al. 2011) since qPCR targets both infectious and
noninfectious cyanomyophage. However, Prochlorococcus has been detected at depths below
150 m at abundances of around 10° cells mL™ (Flombaum et al. 2013), and infectious phages
have been known to persist in sediments (Hargreaves et al. 2013), so it is possible that there
could be a small infectious population of cyanomyoviruses at these depths.

Previously, the percentage of cyanomyophage to the total viral community has been
recorded at levels up to ~25.5% (Matteson et al. 2013), however, the percentages reported here
ranged between 0.41% and 90.17%, with one sample at 101.4% (Fig. 8). Of these, the highest
proportions of putative cyanophage occurred at the DCM (station 2, station 12, station 14),
surface (station 5), 25 m (station 5), and 100 m (station 11) depths. Since it is highly unlikely
that 100% of the viral community could be cyanomyophages (as was predicted at the DCM
depth of station 14), there must be some alternative explanation. For example, most of the
samples with high cyanophage percentages were characterized by lower total viral counts and
higher cyanobacterial counts. It is also important to note that the gqPCR approach can target viral
genes inside host cells as well as within free phage particles, while epifluorescence microscopy

allows the enumeration of only free viral particles with dSDNA genomes large enough to permit
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adequate SYBR Green | staining for visualization (Suttle & Fuhrman 2010). The range of total
viral abundances as quantified through epifluorescence microscopy were also around ten-fold
lower throughout the cruise as compared to a previous study in the South Pacific (Matteson et al.
2013). Therefore, it is possible that a high proportion of the viral community were actively
infecting the abundant hosts at the sampling site. This may be due to a high rate of lysogeny
and/or pseudolysogeny in oligotrophic waters (Ortmann et al. 2002, Weinbauer 2004, Paul
2008). Whether or not cyanomyoviruses may have also been participating in pseudolysogeny is
not yet known, since all cyanomyophages isolated to date have demonstrated lytic activity (Mann
2003). However, it is known that the closely related T4 virus is capable of pseudolysogeny under
unfavorable host conditions (Los et al. 2003).

The low total viral abundances could also be explained by the idea that cyanophage
infection may occur on a predictable diel cycle, where cyanophage infection and proliferation
occurs during daylight hours, and cyanophage “hide out” within their hosts without lysing them
during the night (Winter et al. 2004, Kimura et al. 2012). Since our sampling time was just
before dawn (c. 5:30 am, local time), it is possible that we had a high rate of intracellular
infection without as many free viral particles because cyanophage proliferation would not have
occurred during the night, and free viral particles which were not able to successfully infect a
host may have been removed from the system through grazing (Gonzalez & Suttle 1993).
However, evidence suggests that cyanobacteria infected with phage may be preferentially grazed
because of their high nutrient content (Evans & Wilson 2008), thus eliminating some proportion

of actively infected cyanobacteria. In the future, it may be beneficial to assess the proportion of
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total bacteria and cyanobacteria that are infected with phage at the time and location of sampling

as well as quantifying cyanomyoviral and total viral density.

High cyanomyophage mediated inferred mortality rates

The Murray and Jackson equation was used to calculate the percentage of the
Synechococcus standing stock which would need to be lysed to produce observed cyanomyoviral
abundances (also known as the inferred mortality rate) (Murray & Jackson 1992). This inferred
mortality rate is used to determine whether the observed cyanomyoviral abundances are within
realistic ranges. In this study, inferred mortality rates for Synechococcus ranged between 11%
and ~2000%, indicating that up to 20x the standing Synechococcus stock would need to be lysed
to maintain the cyanomyoviral population (Table 3). These numbers are much higher than those
previously reported for any environment, including the South Pacific, which had a maximum
Synechococcus inferred mortality rate of ~46% (Matteson et al., 2013). In reality, cyanophage
probably lyse a proportion of both Synechococcus and Prochlorococcus that cannot yet be
calculated. To determine the proportion of Prochlorococcus cells that would need to be lysed to
maintain these cyanomyoviral abundances, it is necessary to first figure out the average burst
size for phage infected Prochlorococcus cells. This, unfortunately, has not yet been discerned,
but evidence suggests that burst size can be predicted quite accurately when the host genome and
phage genome sizes are known (Brown et al. 2006). Since the average Prochlorococcus genome
is around half the size of Synechococcus’ (~1.9 Mbp and ~4.7 Mbp, respectively) (Partensky et
al. 1999, Brown et al. 2006), it may be that the burst size for Prochlorococcus is also half as
large. Substituting a burst size of 40 phages cell™ into the Murray and Jackson equation yields

inferred mortality rates for Prochlorococcus which range between 2% and 67% for most stations,
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but increase to 258% at station 11 and 16768% at station 8 (Table 3). When we calculate the
mortality rate for the entire cyanobacterial population, we get more realistic numbers which
range between 1% and 30% for most of the transect, and then spike to 118% at station 11 and
1635% at station 8 (Table 3). A caveat to this calculation is that it assumes the average burst size
for the combined Synechococcus and Prochlorococcus population is 81 virus particles cell™,
since it is impossible to determine what proportion of each are lysed by cyanomyoviruses.
Regardless, the extremely high inferred mortality rates at stations 8 and 11 could be caused by a
temporal disconnect between phage infection and cell lysis (Matteson et al. 2012). This may be
true for station 8 especially, since both the Pro. and Syn. surface densities drop to ~10° cells mL"
! which are the lowest surface abundances observed for either population across the transect
(Fig. 5). These low abundances could signify the aftermath of a sizeable lysis or other destructive
event from the previous day, such as photobleaching (Prezelin et al. 1987). These could also be

the result of a flow cytometry error.

Hypotheses to explain high cyanomyoviral abundances compared to hosts
Our data have raised many questions about the origin of these high cyanomyoviral
abundances observed across the transect and deep in the water column. To explain these
phenomena, we propose the following hypotheses:
1. Plasmid supercoiling caused artificial inflation of g20 abundance by altering
standard curves.
2. The true decay rates or burst sizes in the North Pacific differed from the values

used in the Murray and Jackson equation.
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3. The CPS1 and CPS2 primers amplify non-cyanophage genes which were present
across the transect.

4. These observations are real, but offset by the temporal nature of the phage-host
relationship.

In some studies, it has been shown that supercoiled plasmid configuration may
significantly increase abundance estimates in certain gPCR assays (Lin et al. 2011) but not others
(Oldham & Duncan 2012). The assays which were affected by supercoiling produced much more
accurate, and lower, abundance estimates when linear plasmid standards were used instead of
circular ones (Lin et al. 2011). In each of our gPCR plates, we quantified triplicate samples
containing a known number of S-PWM1 viral particles. In most plates, the estimated number of
g20 copies in the S-PWM1 wells was 1.5-2 times the abundance estimated through
epifluorescence microscopy, with one plate producing an estimate ~9x higher, and 4 plates
producing estimates that were somewhat lower than expected (data not shown). Though there
was significant variation between each plate as far as S-PWML1 quantification, the standard
deviations of replicate wells on each individual plate were within acceptable ranges. The
variation inherent in this assay, as documented here and in Matteson et al. (2011 and 2013), may
be due to the presence of different plasmid configurations in each standard aliquot. Therefore, it
could be beneficial in the future to assess whether linearizing g20 plasmid standards may
produce more accurate cyanomyoviral abundance estimates.

It is almost certain that the actual burst sizes for phage infected cyanobacterial
populations in the North Pacific differed from those we used in the Murray and Jackson

equation. Burst sizes as high as ~250 virus particles cell’* have been reported for cyanophage
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infecting Synechococcus cells (Suttle & Chan 1994). However, these high burst sizes are
generally seen in productive, coastal areas, and lower burst sizes around 20-25 viruses cell™ are
commonly observed in oligotrophic waters (Wommack & Colwell 2000). Therefore, though this
hypothesis has a high likelihood of being falsified, it may not explain our observations.

These data may also be explained by the oft-touted criticism that the primers used in this
study may amplify genes from unintended targets (Short & Suttle 2005, Wilhelm et al. 2006,
Sullivan et al. 2008). However, these primers were recently verified with the De-MetaST-
BLAST program (Gulvik et al. 2012) via BLASTing across the Global Ocean Survey data set
(Williamson et al. 2008) so they should only amplify cyanomyoviral amplicons. Additionally, 9
gPCR amplicons from this study (sampled from station 11 at 25 m) were cloned and sequenced
and each was subjected to a BLASTn search against the NCBI nucleotide library to see if there
were any identifiable matches. Though the amplicons were too small to perform robust
phylogenetic analysis, they were all the expected size (~165 bp) and returned highly similar hits
to cultured and uncultured cyanomyoviral g20 amplicons (data not shown). This provides more
evidence against the hypothesis that these primers amplify non-cyanomyoviral targets.

As mentioned previously, evidence suggests that cyanophage may operate on a diel
infection cycle (Kimura et al. 2012), and that the activity of the viral community may lag at least
24 hours behind that of their hosts (Matteson et al. 2012, Matteson et al. 2013). This could
explain our observations of high cyanomyoviral abundances across the transect and resulting
inferred mortality rates since the current standing population would not necessarily reflect the

size of the population from which these phages originated. In fact, if the rate of production
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outpaced that of removal, the cyanomyoviral abundances observed here may have resulted over

several days of accumulation.
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VI. CONCLUSIONS

Previously, most quantitative studies of cyanomyophage have been restricted to the upper
mixed layer. This study collected quantitative biological and environmental data on a large
spatial scale in the North Pacific Ocean, while also sampling down to 300 m. The high
cyanomyoviral counts observed over the transect call the specificity of the gPCR assay used here
into question, but may actually represent true abundances since no alternative gene target has
been identified. If so, cyanomyoviruses may have larger impacts on ecological functioning than
previously realized. We have suggested linearizing g20 standard plasmids in future studies to
combat possible overestimation of true abundances due to plasmid supercoiling. This study has
also provided some evidence that temporal disconnects may hamper investigations of constraints
on cyanomyoviral abundance, since cyanomyoviral abundances did not correlate significantly
with either Synechococcus or Prochlorococcus populations. More Lagrangian style studies
should be performed to discern the effects of diel cycles and temporal host-phage interactions on

cyanomyoviral production in different marine environments.
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Figure 9. Temperature and salinity across the transect (underway samples). Temperature (A) and
salinity (B) were measured by an on-board sensor. The x-axis indicates longitude in degrees east.
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Figure 10. Cyanomyoviral and total viral abundance across the transect (underway samples). The
y-axis represents VLP or g20 copies mL™. The y- axis represents longitude in degrees east. Error bars
represent the standard deviation. Where error bars are not visible, they do not exceed the width of the

symbol.
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