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Abstract 

Marine viruses are the most abundant and genetically diverse biological entity in the 

oceans. Viruses infecting phytoplankton have a role in maintaining phytoplankton 

diversity, but also affect the cycling of carbon and nutrients through the microbial loop, 

which has substantial implications for the marine food chain and the planet’s climate 

system. It has also become evident that viral replication is affected by environmental 

conditions. In turn, viruses appear to possess a repertoire of metabolic genes to 

compensate for environmental adversities. 

 However, it is not well understood how environmental variables affect viral 

replication in the environment or what the role of their genetic repertoire is in the selection 

to replicate. This thesis investigates the abundance and genetic diversity of viruses, the 

composition of viral communities and how the dynamics of viral replication is affected by 

in situ environmental conditions in four projects which are presented in Chapters 2, 3, 4 

and 5. 

 Chapter 2 describes the influence of environmental variables on the variation in 

viral and host abundance, and how this dynamic changes among different environments. 

 Chapter 3 shows that phycodnaviruses infecting prasinophytes have a highly 

variable genetic repertoire with several metabolic genes of diverse origins. This genetic 

variability is reflected in their distribution in the environment, indicating selection on 

viruses. 

 Chapter 4 establishes an approach to study cyanomyovirus communities and their 

associated genetic repertoires in the environment. It shows that the distribution of 

cyanomyovirus ecotypes on temporal and spatial scales is a function of environmental 

variables. 

 Chapter 5 unveils a considerable mismatch between free cyanomyovirus 

communities, representing the seed bank, and replicating cyanomyoviruses in the cellular 

fraction. The emergence of replicating viruses out of the viral seed bank is highly variable 

and affected by environmental factors. 

 In conclusion, total viral abundance as well as the community composition of 

specific virus types show a relationship to environmental variables. The genetic repertoire 

of viruses appears to be an adaptation to selection pressure and specific viruses can 
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occupy environmental niches that are not only defined by the presence of susceptible 

hosts but also by a virus's ability to compensate for adversities.  
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Lay summary 

Marine viruses are highly abundant and diverse, with millions of different viruses per 

millilitre of sea water. Viruses infect cells, replicate in them and eventually the cells lyse 

to release viral progenies. The infection of cells and their lysis has a role in maintaining 

cell diversity, but also affects the cycling of nutrients through the ecosystem, with 

substantial implications for the marine food chain and the planet’s climate system. 

 However, it is not well understood how environmental conditions affect viral 

replication or what the role of the content of their genomes is. This thesis investigates the 

abundance and diversity of viruses in relation to environmental conditions. 

 Viral abundance as well as the community composition and the genomes of marine 

viruses show a relationship to various environmental conditions. The content of the 

genomes of viruses appears to be an adaptation to environmental niches, presumably to 

compensate for adversities. 
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Chapter 3 includes data generated by Danielle M. Winget and Amy M. Chan. Amy M. 
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Glossary 

amplicon 

fragment of a sequence produced by amplification by polymerase chain reaction 

 

annotate 

in bioinformatics assign it a function if known, done by searching a database for 

homologues based on identity 

 

anoxic 

an environment fully depleted of oxygen; also see: hypoxic 

 

auto-fluorescence 

fluorescence of a particle or cell when excited by light without the use of fluorescent dye 

 

autotroph 

an organism that uses inorganic compounds for growth and light or inorganic compounds 

as an energy source 
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describing the number of distinct organisms and their variability in relative abundances, 

product of richness and evenness 

 

BLAST Basic Local Alignment Search Tool 

bioinformatic tool to search databases for sequence homologues based on sequence 
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brackish 

a mix of fresh and marine water with a PSU between 1-30 PSU 

 

burst size 

number of virions released from a cell at the end of the lytic cycle 

 

β-beta diversity 

describes the variability in alpha diversity over a set of samples 

 

capsid, viral 

a protein shell enclosing the genetic information of viruses 

 

centroid 

in bioinformatics the representative natural sequence from within a cluster; in contrast to 

an averaged, not natural consensus sequence 

 

CA  Correspondence Analysis 

exploratory multivariate statistic for unimodally related data, often expanded by fitting of 

additional data to explore co-variations 

 

CCA  Canonical Correspondence Analysis 

interpretive multivariate statistic to link unimodally related explanatory and response data, 

to identify patterns of cause and effect 

 

CDS  Coding Sequence 

part of a gene that codes for a protein flanked by start and stop sequences 

 

cluster 

in bioinformatics a set of sequences having a similarity greater than a preset identity 

threshold 
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cyanobacteria, also cyanophyta  

a phylum of prokaryotic, autotrophic organisms in the domain bacteria, they use light as 

their energy source in photosynthesis, possess characteristic red or blue-green (cyano) 

pigments to harvest a broader light spectrum 

 

γ-gamma diversity 

see: “gamma (γ) diversity” 

 

DCM  Deep Chlorophyll Maximum 

the depth of highest chlorophyll concentration, usually where light intensity and nutrient 

accessibility are both sufficient for growth 

 

dereplicate 

in bioinformatics removing supernumerary, identical copies of a sequence leaving only 

one unique copy in a dataset 

 

diversity 

see: α-alpha, β-beta, γ-gamma diversity 

 

E-value 

statistical test applied for sequences of data, in bioinformatics the expectation value 

describes how likely it is that two sequences match by coincidence, does not correct for 

sequence length 

 

ecotype 

a distinct organism with a characteristic function or functionality and genome under 

specific environmental conditions, setting it apart from others 

 

envelope, viral 

a lipid bilayer protein structure surrounding a viral capsid in some viruses 
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EPA  Evolutionary Placement Algorithm 

algorithm to place short sequences in the context of a reference phylogeny based on 

longer sequences 

 

estuary 

semi enclosed body of water with a direct connection to the ocean at the mouth of a river 

in the tidal zone, transition zone between river and ocean 

 

evenness 

measurement of the similarity in relative abundances of distinct organisms in a sample 

 

fitness 

in ecology describing how adapted an organism is to a given environmental condition, 

often used in reference to other organisms 

 

γ-gamma diversity 

describes the overall (alpha) diversity over a set of samples 

 

GC content 

ratio of guanosine and cytodine nucleotides in relation to adenosine and thymidine given 

in % 

 

genetic repertoire 

set of genes of a biological entity, referring to genes with metabolic functions 

 

genotype 

a distinct organism with a characteristic genetic sequence 

 

heterotroph 

an organism that uses organic carbon as its carbon source and draws energy from other 

organisms 
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horizontal gene transfer 

exchange of genetic material between organisms via transformation, transduction, 

conjugation or gene-transfer agents; also called lateral gene transfer 

 

homologues 

genes with sequence similarity with common ancestry and function 

 

hypoxic 

in seawater, an oxygen concentration below 1.5 ml l-1 

 

identity 

in bioinformatics the similarity between two sequences expressed as the percentage of 

identical residues 

 

Illumina 

brand of so-called next-generation sequencing technologies, based on the principle of 

sequencing synthesis 

 

Inlet 

semi enclosed body of water with a direct connection to the ocean, which may or may not 

be brackish 

 

integrating 

in ecology and oceanography the equal mixing of samples over a defined range, for 

example depths or area 

 

killing the winner 

theory that viruses preferentially kill the dominant organisms of a population at their peak 

abundance, thus promoting eveness and diversity 
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lytic cycle 

the consecutive steps of viral replication from infection of the host cell to release of virions 

 

m (slope) 

in a linear regression m describes the slope of the regression line of x and y variables 

 

marker gene 

gene used todetermine the phylogeny of organisms or viruses based on variations in the 

sequence 

 

Maximum-Likelihood 

In bioinformatics, a statistical method to find the most likely phylogeny among alternatives, 

considering evolutionary substitution models 

 

Neighbor-Joining 

in bioinformatics a method to build the simplest phylogenies from distance matrices 

 

next-generation sequencing 

new, high-throughput sequencing technologies capable of producing millions of reads at 

once 

 

microphytoplankton 

photosynthetic plankton cells between 2 and 5µm in diameter 

 

mixed layer 

in oceanography, the surface water layer that is well mixed by surface wind; constrained 

by the pycnocline, a zone of rapid density change as a function of salinity and temperature 
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myovirus 

a member of the viral family Myoviridae that infects prokaryotes, has a dsDNA genome 

and characteristic long contractile tail. The family is in the order of Caudovirales along 

with the Podoviridae and Siphoviridae  

 

NCLDVs Nucleocytoplasmic Large DNA Viruses 

group of viruses with large, dsDNA genomes infecting eukaryotes and replicating in the 

nucleus and/ or cytoplasm, including six families of the proposed order Megavirales 

 

ORF  Open Reading Frame 

string of nucleotides of predefined length between a start and a stop sequence (codon), 

possibly a gene 

 

OTU  Operational Taxonomic Unit 

a sequence representing a defined organism or virus based on a preset sequence 

difference, precursor for a genotype  

 

p-value 

statistical test for the probability of the null hypothesis that a correlation between values 

is coincidence, the probability value describes the significance of a result 

 

PAR  Photosynthetically Active Radiation 

Portion of the light spectrum that can be utilized for photosynthesis by known organisms, 

between 400 and 700nm wavelength 

 

parse 

sorting sequences to a set of reference sequences based on identity and a predefined 

identity level 

 

PCA  Principal Component Analysis 

exploratory multivariate statistic for linearly related data 
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PCoA  Principal Coordinates Analysis 

exploratory multivariate statistic based on sample similarity 

 

phage 

specific term for a virus infecting prokaryotes; derived from bacteriophage 

 

phenotype 

an organism with characteristic feature(s) 

 

photic zone 

the zone of a water column that is well penetrated by light, depends on turbidity and the 

associated light attenuation and maximally extends to 150 to 200 meters, the bottom of 

the photic zone is marked by the compensation depth below which respiration exceeds 

primary production; usually approximated as the depth at which the light intensity dropped 

to 1 % of the surface irradiance 

 

phycodnavirus 

a member of the viral family Phycodnaviridae with large dsDNA genomes, one of the 

families that comprise the order of NCLDVs; all known phycodnaviruses infect 

phytoplankton 

 

prasinovirus 

genus of viruses in the family Phycodnaviridae, members of which infect prasinophytes 

 

prasinophyte 

member of the class Prasinophyceae, a class of paraphyletic, eukaryotic phytoplankton 

in the division chlorophyta 
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primary production 

the anabolic process to generate energy-rich carbon molecules from inorganic carbon 

driven by physical or chemical energy 

 

PSU  Practical Salinity Units 

salinity measurement based on conductivity of water, under standardized conditions 

approximately equal to ppt (parts per thousand) g/kg 

 

R2  coefficient of determination 

in a linear regression R2 describes the variation in the dependent variable that can be 

explained by the independent variable, the adjusted R2 considers the number of 

independent variables upon which the model is built on 

 

rarefy 

in ecology, normalizing samples to the same total number of sequences by random 

subsampling  

 

read 

in bioinformatics, a raw array of nucleotide code from a sequencing reaction of an 

individual DNA molecule 

 

replication cycle 

the overall process of viral replication including the lytic cycle but also viral adsorption to 

and infection of the host cell 

 

richness 

the absolute number of distinct organisms in a sample, regardless of their relative 

abundance 
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Sanger sequencing 

established reference sequencing method producing individual reads of high confidence, 

developed by Frederick Sanger 

 

seed-bank 

theory that the collective of viral genotypes present is stable among samples and that 

only/ mainly their relative abundance varies 

 

stoichiometry 

the ratio of nutrients to each other in cells or in water 

 

stratified 

describes a water column that has a well defined density gradient (pycnocline) with 

defined layer of lower density water on top, usually caused by high temperature or fresh 

water inflow 

 

tail 

a protein structure in viruses, phages that from the capsid 

 

454 sequencing 

an early next-generation sequencing technology by Roche, producing few but long reads; 

discontinued 
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Chapter 1: Introduction 

1.1 Marine viruses 

Marine viruses are the smallest, most abundant and most diverse biological entities in the 

world's ocean with an estimated total number of 1030 particles (Suttle, 2007). They play 

crucial roles in marine ecosystems, promoting cell diversity and channeling nutrients. 

 Viral abundance across aquatic ecosystems ranges from 105 ml-1 to as high as 109 

ml-1 (Proctor and Fuhrman, 1990; Paul et al., 1993; Brum et al., 2005; Ortmann and Suttle, 

2005). Several studies have established that viral abundance is about an order of 

magnitude higher than bacterial abundance, but this virus to bacteria ratio (VBR) varies 

substantially among host-virus systems and environments (Fuhrman and Suttle, 1993; 

Wommack and Colwell, 2000; Knowles et al., 2016; Wigington et al., 2016). A meta-

analysis of 25 studies by Wigington et al. (2016) confirmed that VBRs range widely, with 

95% of the values falling between about 3.9 and 74.4 at depths less than 100 m, and 

between about 1.4 and 157.1 in deeper water. Median values for depths less-than and 

greater-than 100 m are about 10.5 and 16.0, respectively. They also showed the limitation 

of fixed 10:1 ratio models for estimating VBR and established the use of non-linear power 

functions to estimate viral abundance from bacterial abundance data. A different study by 

Knowles et al. (2016) documented linear correlations between viral abundance and 

bacterial abundance for various habitats and that there is a relative decrease in viral 

abundance with increasing bacterial abundance. Yet another study found that the 

relationships between bacterial and viral abundances differ significantly among samples 

from lakes, shallow and deep waters from the Pacific Ocean, and the Arctic Ocean 

(Clasen et al., 2008). These papers demonstrate differences in the relationship between 

bacterial and viral abundances among locations and environments, implying that the 

environmental conditions influence these relationships. In turn, models show that a high 

viral abundance increases the contact rate with microbial hosts, so changes in the viral 

abundance and VBR could increase the chance of infection (Murray and Jackson, 1992; 

Mann, 2003).  

 As is the case of all viruses, those in the marine environment vary substantially in 

size, structure and genome content. The capsids of most marine viral particles range in 

size from 20 nm to 200 nm, although viruses have been isolated with capsid diameters up 
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to 440 nm (Arslan et al., 2011) have been found in other environments. Most marine 

viruses appear to have icosahedral capsids, and a significant portion have tails (Brum, 

Schenck and Sullivan, 2013). Tailed viruses are a characteristic of many phages, which 

are viruses infecting bacteria. Genomes of viruses can be single-stranded or double-

stranded RNA or DNA and range in size from <2 kb (Labonte and Suttle, 2013) to over 

1.2 Mb in length (Raoult et al., 2004; Arslan et al., 2011). While DNA viruses are more 

extensively studied and commonly infect bacteria and phytoplankton, recent data suggest 

that RNA viruses which often infect protists are also an important part of the virosphere 

(Steward et al., 2013). Every water sample harbors a diverse mix of viral morphotypes 

and genotypes. Even when focusing on a single virus group, a seawater sample can carry 

thousands of viral genotypes (Breitbart et al., 2002; Filée et al., 2005; Comeau and Krisch, 

2008; Butina et al., 2010; Goldsmith, Parsons and Beyene, 2015). Despite this high 

genetic diversity, some viral genotypes are widely distributed, and it is largely the relative 

abundance of viral genotypes that distinguishes communities (Angly et al., 2006).  

 The elemental composition of viral particles is inherently different compared to that 

of their hosts (Jover et al., 2014). Considering the wide range in size of viruses and the 

variation in nucleic-acid type, there also is considerable variation in the elemental 

composition among viral particles. Even within double-stranded DNA viruses there is 

considerable variation in their C:N:P stoichiometry, but it is estimated to be around 17:6:1 

(Jover et al., 2014). This is in contrast to the C:N:P stoichiometry of phytoplankton and 

heterotrophic marine plankton of about 106:16:1 and 69:16:1 (Redfield, Ketchum and 

Richards, 1963; Falkowski, 2000; Klausmeier et al., 2004) and highlights the relatively 

high nitrogen and phosphorus requirement for viral replication. Consequently, it is 

estimated that up to 87% of cellular phosphorus can be assimilated into viral particles 

during replication (Jover et al., 2014). 

 Classically, viruses are solely seen as pathogens of organisms, but their role is 

more complex and far reaching. By infecting and lysing cells, viruses are a major 

evolutionary force for plankton, altering microbial diversity directly by horizontal gene 

transfer and indirectly by selection (Sullivan, Waterbury and Chisholm, 2003; Brussaard 

et al., 2008). Specifically infecting dominant, blooming cells, a concept termed “killing the 
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winner”, viruses help maintain diversity and apply selection pressure (Thingstad and 

Lignell, 1997; Thingstad, 2000).  

 The other crucial role of viruses is to modulate biogeochemical processes in the 

oceans through the “viral shunt” (Wilhelm and Suttle, 1999). Viral lysis channels carbon 

and nutrients directly to pools of particulate and dissolved organic matter rather than 

through the food web, thus catalyzing nutrient regeneration (Figure 1.1). Viral lysis of 

phytoplankton, the most significant primary producers in the oceans, directly affects 

nutrient cycles and trophic transfer efficiency. Viral lysis is estimated to kill about 20-40 % 

of marine planktonic biomass daily (Fuhrman and Suttle, 1993; Suttle, 1994, 2005; 

Wilhelm and Suttle, 1999). Considering that about half of the annual global net primary 

production, 48.5 Gt of carbon, occurs in the oceans (Field et al., 1998), it is apparent that 

viral lysis is not only crucial in marine systems but also for global carbon cycling. The 

impact of viral lysis on the flow of nutrients and trace elements is similar to that on carbon. 

Although viruses retain proportionally high amounts of nitrogen and phosphorus, lysate is 

still a rich source of macro and micro nutrients (Gobler et al., 1997) and has been shown 

to supply nitrogen (Weinbauer et al., 2011; Shelford et al., 2012) and iron (Poorvin et al., 

2004, 2011) to primary producers. Clearly, marine viruses play a crucial role in marine 

ecosystems and biogeochemical cycling. 

 

Figure 1.1: The viral shunt. 
Simplified scheme showing the role of viruses and the viral shunt (orange) in the microbial loop, highlighting 
its impact on nutrient cycling through bacteria, phytoplankton. Dissolved inorganic carbon and nutrients 
(DIC/DIN) are directly funneled to the pool of dissolved and particulate organic matter (D/POM) and bypass 
higher trophic levels. 
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1.2 Phytoplankton and their viruses 

Marine phytoplankton account for about 50% of the global carbon fixation, about half of 

which is by prokaryotic cyanobacteria and the other half by eukaryotic phytoplankton 

(Field et al., 1998). Both prokaryotic and eukaryotic phytoplankton are infected by viruses 

with large dsDNA genomes with variable gene content. 

 Globally distributed and abundant marine cyanobacteria, primarily members of the 

genera Synechococcus and Prochlorococcus (Liu et al., 1998), perform about 25% of the 

world's primary production (Li, William, 1994; Liu, Nolla and Campbell, 1997; Partensky, 

Hess and Vaulot, 1999; Weigele et al., 2007). These cyanobacteria are constantly in the 

process of infection and lysis by viruses (cyanophages), which is driving their diversity 

and affecting biogeochemical cycles. Cyanophages infect dominant cyanobacteria in a 

community, causing their demise and thus maintain community diversity (Mühling et al., 

2005; DeLong et al., 2006). Viral lysis also releases organic nutrients directly into the 

microbial loop through what is known as the viral shunt (Wilhelm and Suttle, 1999; Weitz 

and Wilhelm, 2012). 

 Cyanophages have circular, dsDNA genomes and are assigned to the 

Caudovirales (Weinbauer and Rassoulzadegan, 2003), an order of tailed phages with the 

families Myoviridae, Podoviridae and Siphoviridae, which in turn are split up into various 

sub-families (Marston and Sallee, 2003; Clokie and Mann, 2006; Lavigne et al., 2008, 

2009). This thesis focuses on cyanophages in the family Myoviridae, T4-like viruses 

referred to as cyanomyoviruses. These lytic viruses have characteristic long contractile 

tails and genomes ranging from 150 kb to >200 kb in size (Lu, Chen and Hodson, 2001; 

Sullivan, Waterbury and Chisholm, 2003; Lindell et al., 2004; Clokie, Millard and Mann, 

2010). They have a comparably large host range (Lu, Chen and Hodson, 2001; McDaniel, 

delaRosa and Paul, 2006; Hanson, Marston and Martiny, 2016) that can span genera and 

cyanophages usually carry a number of host-derived auxiliary metabolic genes (AMGs) 

(Breitbart et al., 2007; Crummett et al., 2016). 

 Among the eukaryote phytoplankton prasinophytes are widely distributed and 

arguably constitute the second most abundant group of phytoplankton after 

cyanobacteria. These picoplanktonic (<2 µm diameter) algae have a disproportional 

importance in primary production (Worden, Nolan and Palenik, 2004; Marin and 
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Melkonian, 2010), are prominent in coastal and oceanic communities, and comprise the 

genera Micromonas, Ostreococcus and Bathyococcus.  

 Prasinophytes are infected by large icosahedral double-stranded DNA viruses in 

the genus Prasinovirus (Van Etten et al., 2002). Prasinoviruses are significant agents of 

mortality for prasinophytes that can influence nutrient fluxes through the viral shunt 

(Wilhelm and Suttle, 1999), maintain host diversity by lysis, and promote horizontal gene 

transfer (Moreau et al., 2010; Filée, 2015). Prasinoviruses are related to viruses in the 

genus Chlorovirus that infect members of the genus Chlorella (Dunigan, Fitzgerald and 

Van Etten, 2006); both genera fall within the family Phycodnaviridae (ICTV 8th report), 

which belongs within the Nucleocytoplasmic Large DNA Viruses (NCLDVs) (Koonin and 

Yutin, 2010). Phycodnaviruses infect a wide range of eukaryotic microalgae, and have 

genomes ranging in length from about 100 to 400 kb (Koonin and Yutin, 2010). Genomes 

of the known prasionivruses infecting Micromonas spp., Ostreococcus spp. and 

Bathyococcus spp. are similar in length, ranging from about 180 to 200 kb (Derelle et al., 

2008, 2015; Moreau et al., 2010), and to a certain degree show similarity in genome 

structure and content (Weynberg et al., 2009; Moreau et al., 2010). The function of most 

prasinovirus genes is still unknown, but subgroups of prasinoviruses share a common set 

of core genes that are essential for viral replication and viral structure (Santini et al., 2013). 

Core genes include DNA polymerase, DNA topoisomerase and seven to eight capsid 

genes (Derelle et al., 2008, 2015; Weynberg et al., 2009). Similar to cyanophages, 

prasinoviruses can carry metabolic genes that are presumably host-derived. 

Prasinoviruses usually demonstrate strict host specificity, at least at the genus level of 

their hosts, but some viral isolates can broadly infect strains of Micromonas pusilla 

(Derelle et al., 2015; Martínez et al., 2015). 

 

1.3 The genetic repertoire of phytoplankton viruses 

Viruses can be affected by environmental stressors that influence their physical integrity, 

infectivity and replication, but they also encode proteins that may help overcome these 

challenges. These genes are part of the pan-genome that is distributed across the viral 

community and often appear to be host-derived genes, often referred to as auxiliary 

metabolic genes (AMGs) in cyanophages (Breitbart et al., 2007). Hence, specific viruses 
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of the assemblage potentially carry genes that are advantageous for replication under 

certain environmental conditions, and allow them to be less reliant on host-encoded 

proteins. So far AMGs have primarily been identified in cyanophages, but similar genes 

are also found in prasinoviruses. 

 In cyanophages, AMGs are wide spread, can constitute a large part of the genome, 

influence the host's metabolism during replication, are expressed in host cells (Lindell et 

al., 2005, 2007; Sullivan et al., 2006; Thompson et al., 2011) and potentially improve 

phage fitness (Dammeyer et al., 2008; Hellweger, 2009). Moreover, their distribution in 

metagenomic sequences and isolates has been linked to environmental variables such 

as phosphate concentration or light intensity (Williamson et al., 2008; Crummett et al., 

2016). Cyanophage AMGs include those encoding proteins associated with photosystem 

I (psbA/D) and photosystem II (psa A-F) (Mann et al., 2003; Sullivan et al., 2006; Sharon 

et al., 2007, 2009), as well as phycoerythrobilin synthesis (pebS), a fusion gene of 

photosytem I (psaJF), and a range of other genes involved in photosynthetic processes 

(petE, petF and ptoX) (Dammeyer et al., 2008; Millard et al., 2009; Sharon et al., 2009). 

Other potentially beneficial genes are associated with light protection (hli), the pentose 

phosphate pathway (talC), nitrogen fixation (nifU) and phosphate assimilation (phoH, 

pstS) (Lindell et al., 2004, 2005, 2007; Millard et al., 2004; Williamson et al., 2008; Tetu 

et al., 2009; Zeng and Chisholm, 2012). 

 Genes similar to AMGs are less studied in prasinoviruses, but have been found. 

Several prasinoviruses encode genes for functional K+ channels (Siotto et al., 2014), and 

, Ostreococcus viruses possess gene homologues associated with sugar metabolism, 

glycosyltransferases (gtfS), nucleotide modification, ribonucleotide reductase (rrnR), 

amino acid synthesis, acetolacetate synthase (alS), phosphate starvation (phoH) and 

many more (Weynberg et al., 2009). Moreau et al. (2010) have also shown that some of 

these genes are widely shared among viruses infecting hosts from the genera 

Bathyococcus, Ostreococcus and Micromonas.  

 It has been suggested that viral PsbA proteins could account for around 10% of the 

global primary production, highlighting the potential impact of AMGs (Rohwer and 

Thurber, 2009). If AMGs are expressed during replication they have the potential to 

increase the fitness of a subset of the viral community under certain conditions. 
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Consequently, this should be reflected in the community composition and genetic content 

of viruses in relation to environmental conditions. However, the adaptation of the genetic 

content and community composition of viruses to e.g. environmental factors in situ 

remains to be demonstrated.  

 

1.4 Environmental variables affecting virus-host interactions 

Marine phytoplankton and their corresponding viruses are affected by a variety of 

environmental factors, including temperature, salinity, light and nutrient availability. 

 Temperature, salinity and light can be important factors influencing virus-host 

interactions. For example, high temperatures can inactivate viruses (Baudoux and 

Brussaard, 2005; Hardies et al., 2013), or cause a switch from a lysogenic to a lytic life 

cycle (Williamson and Paul, 2006). Similarly, high salinity can hinder virus adsorption 

across a range of environments (Kukkaro and Bamford, 2009). Light can also be important 

in a number of ways, besides being essential for phytoplankton growth. For example, 

adsorption of viruses to Synechococcus cells is light dependent (Jia et al., 2010). The 

duration of the lytic cycle and viral production in phytoplankton have been shown to be 

affected under low light levels (Juneau et al., 2003; Brown, Campbell and Lawrence, 2007; 

Baudoux and Brussaard, 2008). Additionally, UV radiation causes dose dependent viral 

decay of viruses infecting bacteria, cyanobacteria and eukaryotic phytoplankton (Cottrell 

and Suttle, 1995a; Noble and Fuhrman, 1997; Garza and Suttle, 1998). Furthermore, 

decay rates depend on the viral GC% content (Kellogg and Paul, 2002), but damage can 

also be repaired by photoreactivation (Wilhelm, Weinbauer, Suttle and Jeffrey, 1998; 

Wilhelm, Weinbauer, Suttle, Ralph, et al., 1998). 

 Nutrients influence the infection process, as would be expected given the high 

relative amount of phosphorus and nitrogen required by viruses compared to cells (Jover 

et al., 2014). This is evident from the calculation that up to 87% of cellular phosphorus 

can be assimilated into viral particles during replication (Jover et al., 2014). Phosphate 

has been shown to influence viral production by eukaryote phytoplankton, with less 

production under phosphate depletion compared to phosphate sufficiency (Bratbak et al., 

1998; Jacquet et al., 2002; Maat et al., 2014). The same has been shown for nitrate, but 

the effect was less pronounced than for phosphate (Bratbak et al., 1998; Jacquet et al., 
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2002). As well, nutrient availability can influence whether temperate viruses enter a 

lysogenic or lytic cycle (Wilson, Carr and Mann, 1996).  

 Altogether viral replication is affected by a myriad of environmental variables that 

change across timescales of hours to days, including weather patterns and water-column 

mixing by storms, which are similar to those influencing microbial community dynamics 

(Moore et al., 2013). Moreover, rapid changes in climate are predicted to alter 

stratification, nutrient accessibility and light exposure for phytoplankton and their viruses 

(Sarmiento et al., 1998, 2004; Danovaro et al., 2011). Coastal habitats in particular, are 

expected to have an intensification of stratification and changes in vertical nutrient fluxes 

(Keeling, Körtzinger and Gruber, 2010; Capotondi et al., 2012; Hordoir and Meier, 2012). 

Additionally, the coastal oceans are predicted to see shifts in the nitrogen-phosphate 

stoichiometry towards nitrogen limitation due to different anthropogenic inputs (Seitzinger 

et al., 2010; Moore et al., 2013). In light of these environmental changes, the response of 

virus communities and virus-host systems to them needs to be studied to better 

understand the impact in microbial ecosystems. 

 

1.5 Assessing viral diversity 

A first step to understand the response of viral communities to environmental conditions 

is to explore the differences in viral abundance and community composition across a 

range of environments. Studying viral community composition in the environment requires 

a meaningful genetic marker. Viruses lack a universal marker gene equivalent to the small 

ribosomal subunit RNA gene found in prokaryotes (16S rDNA) and eukaryotes (18S 

rDNA. So different marker genes are used to assess viral diversity and community 

composition, each having advantages and disadvantages. A key feature of a marker gene 

is its ubiquity in the genomes of the virus group that is being investigated; this restricts the 

possibilities to a few core genes. Typical marker genes used to assess viral diversity are 

those encoding DNA polymerase and capsid proteins.  

 DNA polymerase is essential for any DNA virus and hence a good candidate as a 

marker gene. In cyanomyoviruses, DNA polymerase (gp43) has been used as a marker 

gene, and although it is not cyanophage specific, a primer set developed based on 

cyanomyovirus isolates produces amplicons that are biased towards cyanophages 
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(Marston and Amrich, 2009). Extensive studies that used gp43 sequences to investigate 

cyanophage isolates collected from a range of locations and times revealed great diversity 

with hundreds of genotypes, that varied seasonally and spatially (Marston et al., 2013). 

Marston and Martiny (2016) could furthermore separate cyanophage isolates of 

characteristic gene content and distribution into ecotypes. For prasinoviruses, DNA 

polymerase sequences have also been used to describe their diversity and distribution in 

the environment (Chen and Suttle, 1996; Chen, Suttle and Short, 1996; Short and Suttle, 

2002, 2003). Additionally, DNA polymerase has been used to assess prasinovirus 

diversity in freshwater environments (Short and Short, 2008; Clasen and Suttle, 2009; 

Gimenes et al., 2012). 

 Other frequently used markers are genes encoding capsid proteins. The capsid 

vertex portal protein, gp20, has been extensively used to describe cyanomyovirus 

communities seasonally and spatially (Wilson, Carr and Mann, 1996; Frederickson, Short 

and Suttle, 2003; Wang and Chen, 2004; Mühling et al., 2005; Sandaa and Larsen, 2006). 

In some cases, changes in community composition were related to different physical 

conditions and host communities (Frederickson, Short and Suttle, 2003; Wang and Chen, 

2004). However, while one study (McDaniel, delaRosa and Paul, 2006) could only amplify 

gp20 sequences from about 60% of isolates, another study (Short and Suttle, 2005) found 

that identical gp20 sequences were dispersed across a wide range of contrasting 

environments. This casts a doubt over the reliability and specificity of gp20 as a marker 

gene. Similarly, sequences for the major capsid protein, gp23, have been widely used to 

describe diversity in myovirus communities (Tetart et al., 2001; Filée et al., 2005; Comeau 

and Krisch, 2008; Butina et al., 2010), including high-frequency and in-depth sampling 

(Chow and Fuhrman, 2012; Needham et al., 2013). The drawback of using both gp20 and 

gp23 to examine cyanomyovirus communities is the lack of specificity of the primers. For 

prasinoviruses, major capsid protein (MCP) sequences have been used to assess 

communities in some studies (Larsen et al., 2008; Rowe et al., 2011). Clerissi et al. (2014) 

have used MCP, and also DNA polymerase, to compare prasinoviruses to chloroviruses 

based on full length and partial gene sequence (Clerissi, Grimsley, Ogata, et al., 2014). 

Similarly, Zhong and Jacquet (2014) have compared MCP to DNA polymerase in 

describing prasinoviruses. These two studies disagree on the congruency of DNA 
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polymerase and MCP in assessing communities, leaving uncertainty as to how suitable 

they are. 

 Given the limitations of using DNA polymerase and MCP sequences to assess viral 

diversity, some metabolic genes that are distributed across different types of viruses have 

been tried. For example, sequences associated with proteins involved in photosynthesis 

(PsbA) and phosphorus metabolism (PhoH) have been used, but it is questionable how 

well these sequences reflect diversity across broad groups of viruses (Mann et al., 2003; 

Chénard and Suttle, 2008; Goldsmith et al., 2011; Goldsmith, Parsons and Beyene, 2015). 

Perhaps the best approach is to build multi-gene phylogenies based on selected core 

genes; however, this is only possible with isolates (Derelle et al., 2015). Similarly, 

phylogenetic inferences based on the presence and absence of genes in whole genomes 

provides a strong approach for comparing viral genomes (Snel, Bork and Huynen, 1999; 

Yutin, Wolf and Koonin, 2014; Legendre et al., 2015), but it is again only applicable for 

studying isolates and not environmental virus communities. There still is no satisfying 

approach to study natural viral community compositions in relation to viral gene content 

and environmental variables. 

 

1.6 Research problem 

As summarized above, marine viruses and their hosts face a multitude of variables that 

influence the likelihood, progress and outcome of viral infections. However, it is not clear 

how the environment is related to the abundance and community composition of viruses. 

This thesis aims to elucidate the relationship between environmental variables and the 

abundance, gene content and community composition of important marine viruses.  

 

1.7 Scientific objectives 

The research problem stated above was addressed by examining differences in viral 

abundance, gene content and community composition in a range of samples with different 

underlying environmental conditions. The project is divided into the following four scientific 

objectives:  

1) To develop a statistical model of viral abundances as a function of environmental 

parameters. 
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2) To investigate and compare the genetic repertoire of prasinoviruses and their 

distribution in the environment. 

3) To characterize the composition of cyanomyovirus communities in relation to 

environmental variables 

4) To assess the actively replicating cyanomyoviruses in comparison to the associated 

free virus community under differing environmental conditions. 

 

1.8 Approach and methodological considerations 

The four objectives were approached in four sub-projects which are presented in Chapters 

2, 3, 4 and 5 of this thesis. 

 Water samples were collected at a range of locations and times to examine viral 

abundance and diversity. The samples were processed according to the different scientific 

objectives. Sampling locations included Saanich Inlet, the Juan de Fuca Strait, the Strait 

of Georgia, Queen Charlotte Sound, Rivers Inlet, in coastal British Columbia, and the 

North Pacific, the Arctic Ocean and the North Atlantic. Saanich Inlet on Vancouver Island 

B.C. is characterized by having seasonally occurring deep water that is low in oxygen. 

Rivers Inlet is comparable in size to Saanich Inlet, but does not have seasonally occurring 

low oxygen in the deep water. Juan de Fuca Strait, Strait of Georgia and Queen Charlotte 

Sound represent coastal waters between the mainland and Vancouver Island, and feature 

high flow rates, and are well mixed, while other locations represent sheltered and stratified 

inlets. Samples from the North Pacific, Arctic Ocean and North Atlantic are representative 

of arctic and sub-arctic conditions.  

 Each water sample represents a specific time and location and should not be 

viewed as representative of a specific location over time. Depending on the study, 

samples were taken at specific depths or integrated over depths; integrated samples were 

collected over the surface mixed layer. This assumes that a well mixed water mass with 

stable microbiologically relevant environmental variables does promote stable 

communities (Fuhrman, Cram and Needham, 2015). Spatial samples were selected to 

represent a range of environmental conditions and were separated by distance or 

geographical features. In open waters, samples were taken several kilometers apart to 

overcome the “patch size” in homogenous water masses (Hewson et al., 2006). Temporal 
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samples by month or season were used to capture seasonal changes in weather, 

stratification and nutrient concentrations (Moore et al., 2013; Fuhrman, Cram and 

Needham, 2015). Sample volumes varied from 20 to 200 liters; these volumes were 

chosen to minimize the randomizing effects of sample handling, avoid coincidently 

sampling uncharacteristic micro-niches and to collect sufficient genetic material. 

Furthermore, care was taken to process samples swiftly to minimize the effects of 

changing conditions during storage.  

 Depending on the study, samples were analyzed for viral abundance, viral 

community composition and associated environmental data such as temperature, salinity, 

oxygen, nitrate+nitrite, phosphate, silicate, oxygen, chlorophyll fluorescence and cell and 

viral abundances. Abundances of dsDNA viruses were measured by flow cytometry, 

which is an established high throughput method (Brussaard, 2004). Community 

composition was assessed by amplicon sequencing of marker genes that were selected 

carefully based on the viruses targeted in this study and the intended research question 

(Adriaenssens and Cowan, 2014), as detailed in the corresponding chapters. Amplicon 

sequencing using high-throughput technology has several advantages over metagenomic 

sequencing or studies based on viral isolation. By using appropriate primers, amplicon 

sequencing delivers a standardized, comparable sequence product with deep coverage, 

yielding high resolution data. However, one caveat of amplicon sequencing is the potential 

polymerase chain reaction (PCR) bias of the primers, which could favor or hinder certain 

products. In order to mitigate this effect, amplicons were drawn from pools of three 

separate, large volume PCRs with excess reagent concentrations and high starting 

template concentrations (Acinas et al., 2005). To differentiate between genotypes of 

viruses, sequence identity levels were set for clustering of sequence reads into 

operational taxonomic units (OTUs). These identity levels were set depending on the 

marker gene and specific project. A microbiological concept is that a distinct “ecological 

species” is defined by its function (Fuhrman, Cram and Needham, 2015). Similarly, 

Shapiro and Polz (2014) propose to assess microorganisms based on genetic similarity, 

driven by gene flow and selection of phenotypes with a distinct ecological function. These 

concepts also apply to viruses. In the studies described here, genotypes were shown to 
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reflect the genetic similarity of viruses, and should provide an indication of their genetic 

potential.  

 Chapter 2 is focused on viral abundances determined by flow cytometry. The 

dataset is composed of samples from three different projects, covering a range of 

environments, seasons and depths. Thus the data reflect differences across a wide range 

of environmental conditions among samples, which help to reveal trends in the data. 

Physical and nutrient data supplement the data on virus and cell abundances. The use of 

flow cytometry enabled large amounts of data to be collected with high accuracy, 

characterized by low variability among replicates. This large sample number led to high 

statistical strength of the relationships between viral and cell abundances and 

environmental variables. 

 Chapter 3 examines the genetic repertoire of prasinoviruses, its variation and 

distribution in the environment. The genomes of two fully sequenced prasinoviruses that 

infect Micromonas pusilla were assembled and annotated, improving the annotations of 

genomes for these viruses. This made it possible to compare the variation in gene content 

among these and other prasinoviruses. Most ORFs could not be assigned a functional 

annotation as the annotation was strongly constrained by the sequence data in the 

database. However, it was still possible to compare the overall gene content, even if some 

ORFs were annotated as “hypothetical proteins”. Another crucial step in comparing the 

gene content among the viruses was setting an appropriate identity threshold for 

clustering, and the subsequent analysis. In this study, the threshold was set to 50% amino-

acid identity, which is supported by the observation that there is over 50% amino-acid 

identity among Ostreococcus virus core genes (Derelle et al., 2015). Nevertheless, this 

identity threshold was a compromise and may not fully reflect all shared genes. Also, the 

identity threshold used for environmental amplicons to compare natural communities was 

a compromise between missing diversity when the percent identity is set too low and 

inflating diversity when it is set too high. The selected marker gene and identity thresholds 

were chosen to reflect distance and similarity in the gene content of prasinoviruses and 

exploring its variation in the environment. 

 Chapter 4 examines temporal and spatial variation in the community composition 

of cyanomyoviruses. Temporal samples were taken in Saanich Inlet while spatial samples 
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were taken during several cruises in the Strait of Georgia and adjacent waters. These 

samples were used to build a database representing different temperatures, salinities, 

mixing regimes and trophic states. Similarity of reference viruses in genetic content was 

assessed by clustering at 50% amino-acid identity and related to the similarity of the 

corresponding DNA polymerase marker gene (gp43) sequences. The insight into this 

relation was then used to explore environmental cyanomyovirus communities. 

Cyanomyovirus community compositions were assessed by amplicon sequencing of 

gp43, which provided accurate data with high sample throughput and sequencing depth. 

Again, clustering was a crucial step in the amplicon read analysis. The amplicon identity 

threshold was chosen to reflect the relative distance and similarity in gene content of the 

viruses and used to compare the community compositions. 

 Chapter 5 compares the community composition of free cyanomyoviruses and 

cyanomyoviruses in the cellular fraction. The idea was that the viral communities derived 

from the cellular fraction represent replicating viruses. Due to the diel changes in growth 

and rapid responses to environmental changes (Jacquet et al., 2001) one can anticipate 

that the differences between the free and cellular viral communities can be substantial. 

Cellular samples were collected by membrane filtration, which could also capture viruses 

attached to cell surfaces and detrital particles. However, this is expected to be small 

relative to the number of viral progeny in the cellular fraction. Moreover, cyanomyoviruses 

will typically only attach to cells they can infect (unpublished observation C. A. Suttle). 

Hence the communities from the cellular fraction were assumed to predominantly 

represent actively replicating viruses as concluded before (DeLong et al., 2006). To 

characterize the actively replicating viral communities in the cellular fraction these 

samples were processed and analyzed identically to free virus samples.  

 

1.9 Significance and rationale 

Over the past 25+ years, findings in two fields of research that are associated with 

oceanography have made great advances. One is that marine viruses are very abundant 

and important components of marine ecosystems (Suttle, 2007). The other is the ever 

stronger trend in climate change and its impact on the oceans, as described in the 5th 

IPCC report (Cubasch et al., 2013). These two seemingly unconnected fields of research 
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turn out to strongly overlap in the effect of environmental variables on viral replication and 

phytoplankton (Danovaro et al., 2011). However, little is known how environmental 

change affects marine virus ecology.  

 This thesis investigated the correlation between environmental variables and viral 

abundance, community composition, and the genetic adaptation involved. Climate change 

affects many things including the temperature and salinity of the oceans. These changes 

affect water column mixing, nutrient availability to plankton, and the light exposure of 

phytoplankton. With phytoplankton being the primary producers in marine food webs and 

an essential part of the global carbon cycle their response to environmental change and 

viral infection is of key interest. The four projects reveal trends and correlations between 

viral abundance, their gene content, community composition and environmental variables. 

While these projects presumably just scratch the surface, they provide a detailed look at 

the variability of the genetic content of viruses, and how viral abundance and community 

composition vary across environments. 
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Chapter 2:  Environmental variables affect the virus host relationship 

across marine environments  

 

2.1 Summary 

Marine viruses are highly abundant and generally outnumber their hosts by an order of 

magnitude. However, the relationship between viral abundance and host abundance does 

fluctuate and is affected by environmental variables. This project aims to describe how 

environmental variables influence the variation in viral and host abundance and how this 

dynamic changes among different environments.  

 Using flow cytometry, the relationship of viral abundance to bacterial abundance, 

nutrient concentrations and oceanographic variables was tested using multivariate 

models. Samples were taken over spatial and temporal ranges, in estuaries and inlets 

along the coast of British Columbia (Canada), the Pacific, the Arctic and the North Atlantic 

of various depths and seasons. Samples were classified into arctic, inlet, and hypoxic 

environments and generalized linear models of varying complexity were tested and 

compared for best fit with the Akaike Information Criterion (AIC). 

 Viruses and bacteria, as the numerically dominant host of viruses, showed 

significant relationships of varying strength for the arctic and inlet environments, but were 

insignificant in the hypoxic samples. Multivariate models of environmental variables 

showed high, significant explanatory power over the variation in viral abundance, 

matching or surpassing that of bacterial abundance. Combining environmental variables 

with bacterial abundance into multivariate models further improved the explanatory power 

over the variation in viral abundance in the models for all environments. Salinity, 

temperature and nutrients were significant variables across all three environments and for 

all models.  

 While no single environmental variable has strong explanatory power over the 

variation in viral abundance, a combination of them is in effect. The type and strength of 

significant variables incorporated in multivariate models differs among environments. 

 These findings help to understand the role of environmental variables in the virus 

to host relationship and how this relationship changes with environmental conditions. 
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2.2 Introduction 

Viruses play crucial roles in aquatic ecosystems, controlling host diversity and the flux of 

nutrients and carbon through the viral shunt (Wilhelm and Suttle, 1999). They are highly 

abundant in aquatic ecosystems, and in different environments range in concentration 

from 106 ml-1 to as high as 108 ml-1 (Proctor and Fuhrman, 1990; Paul et al., 1993; Ortmann 

and Suttle, 2005) with generally lower abundances in the deep sea and higher 

abundances at productive coastal sites. As contact rates between viruses and their 

potential hosts are proportional to viral abundance, increasing densities of viruses may 

lead to a greater impact on microbial host populations (Murray and Jackson, 1992; Mann, 

2003).  

 Over the years it has been established that viral abundance is about an order of 

magnitude higher than bacterial abundance, but the virus to bacteria ratio (VBR) varies 

greatly among host virus systems and environments (Fuhrman and Suttle, 1993; 

Wommack and Colwell, 2000; Knowles et al., 2016; Wigington et al., 2016). In a 

metaanalysis of 25 studies Wigington et al. (2016) found that the median VBR ranged 

from 10.5 to 16 with depth. They also showed the limitation of models with a fixed VBR 

ratio of 10:1 and used non-linear power functions to relate viral and bacterial abundances. 

Knowles et al. (2016) did show a linear correlation between viral and bacterial abundances 

across a range of habitats, and that there was a relative decrease in viral abundance with 

increasing bacterial abundance. In Wigington et al. (2016) and Knowles et al. (2016) it is 

apparent that the relationships between viral abundance and bacterial abundance vary 

substantially among projects. As well, an earlier study found a significant difference in 

correlations between bacterial and viral abundances in samples from lakes, the Pacific, 

deep Pacific and Arctic oceans (Clasen et al., 2008). Observations that the VBR changes 

under different conditions and among locations implies that it could be affected by 

environmental variables, with burst size, viral decay rates and photosynthetic host density 

potentially affecting the VBR (Clasen et al., 2008; Wigington et al., 2016). Hence, while 

viral and bacterial abundances for specific studies or locations are often highly correlated, 

deriving relationships that extend across biomes likely requires models that include 

environmental variables that affect the virus-host relationship. 
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 Temperature and salinity are environmental variables that can directly affect virus-

host interactions. For example, in the microalgae Phaeocystis globosa and Heterosigma 

akashiwo, lysis of infected cells occurred over a narrow temperature range and the 

different viruses were inactivated above temperatures ranging from 20 to 35°C (Nagasaki 

K, 1998; Baudoux and Brussaard, 2005). Similarly, inactivation at 40°C was shown for a 

phage of the prokaryote Pseudoalteromonas marina (Hardies et al., 2013). Inactivation 

temperatures for marine viruses are usually above 20 °C, which is higher than what many 

virus-host systems in temperate regions are likely to encounter in nature. It can however 

play a role in microenvironments even in temperate waters. Furthermore, a rise in 

temperatures can favor the switch from a lysogenic to a lytic cycle in a marine phage-host 

system (Williamson and Paul, 2006), which would affect the total community viral 

production. Salinity has also been shown to interfere with the initial step of viral infection 

with high salt concentrations lowering infectivity and adsorption for a range of bacteria-

virus host systems above 3-4 M NaCl in hypersaline environments, while marine phages 

have ionic requirements for stability (Kukkaro and Bamford, 2009; Mojica and Brussaard, 

2014). However, another study showed an increase in viral abundance and drastic change 

in the viral community composition at hypersaline conditions above 240 ‰ (Bettarel et al., 

2011).  

 Light can influence virus-host interactions in positive or negative ways. 

Photosynthetically active radiation (PAR) is required for phytoplankton growth and thus 

crucial for replication of phytoplankton viruses. Even adsorption of viral particles to their 

host can be light dependent (Jia et al., 2010), as can be the duration of the viral replication 

cycle and the burst size (Brown, Campbell and Lawrence, 2007; Baudoux and Brussaard, 

2008). Yet, some viruses infecting phytoplankton, including those infecting H. akashiwo, 

appear to be less sensitive to changes in the light regime (Juneau et al., 2003; Lawrence 

and Suttle, 2004). Nonetheless, the final stage of virus replication is very energy 

demanding and can be especially vulnerable to light limitation in photosynthetic hosts 

(Mojica and Brussaard, 2014). Light can also have highly negative effects on viral 

replication. For example, UV radiation is a major factor causing viral decay, and decay 

rates for viruses of bacteria, cyanobacteria and eukaryotic phytoplankton increase in 

proportion to irradiance (Murray and Jackson, 1992; Cottrell and Suttle, 1995a; Noble and 
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Fuhrman, 1997; Garza and Suttle, 1998). In the ocean, light effects are restricted to the 

upper photic zone, with PAR influencing interactions of viruses of photosynthetic hosts, 

and UV radiation causing decay of all viruses.  

 There can also be profound effects of nutrients on virus-host interactions. Since 

viral particles mainly consist of a genome and a capsid, they have a different chemical 

composition than cellular organisms. A recent study (Jover et al., 2014) calculated that 

the C:N:P stoichiometry of viruses is about 17:6:1, which is drastically different than that 

of their cellular hosts, which are typically 69:16:1 for heterotrophs and 106:16:1 for 

phototrophs (Redfield, Ketchum and Richards, 1963; Suttle, 2007; Jover et al., 2014). 

Moreover, up to 87% of cellular phosphorus can be assimilated into viral particles during 

replication, highlighting the relatively high demand of viruses for nitrogen and phosphorus 

and the importance of these nutrients for viral replication (Jover et al., 2014). For example, 

phosphorus depletion resulted in reduced viral production for a variety of prymnesiophytes 

and their viruses (Bratbak et al., 1998; Maat et al., 2014), and production of viruses 

infecting Emiliania huxleyi were affected by phosphate and nitrate availability (Jacquet et 

al., 2002). In turn, phosphate addition can increase viral production (Motegi et al., 2015). 

The limited available data indicate that nitrogen limitation either has no impact or reduces 

viral production (Bratbak, Egge and Heldal, 1993; Bratbak et al., 1998). In summary, 

environmental factors affect viral replication, and thus would be expected to affect the 

relationship between virus and bacterial abundances. As well, there is mounting data that 

hosts and viruses adapt to environmental conditions (Chow et al., 2013).  

 Despite the highlighted importance of environmental factors to virus-host 

interactions, their relationship to the relative abundances of viruses and bacteria in the 

environment has not been explored. This study addresses these influences by exploring 

which environmental variables influence the relative abundances of viruses and bacteria 

across a wide range of samples from diverse environments. In turn, this will lead to better 

predictions of how environmental changes will affect the relative abundances of viruses 

and bacteria. 
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2.3 Materials and methods 

Sampling 

Data from 515 samples were compiled from several years of data collected in Saanich 

Inlet (SI; 48°35’ N, 123°30’ W) (Torres-Beltran et al., submitted) and Rivers Inlet (RI; 

51°26’ N, 127°38’ W) (Tommasi et al., 2013), B.C., Canada, as well as along a cruise 

track from the Labrador Sea to the coast of British Columbia through the Canadian Arctic 

as part of the Canadian 3 Oceans project (C3O) (Carmack et al., 2010) (Figure 2.1).  

 Water samples from depth profiles were collected with Go-Flo bottles and 

subsampled for various parameters as detailed below. Samples were taken from surface 

waters to a maximum depth of 1000 m. 

 

 
Figure 2.1: Sampling locations by project. 
Each location represents multiple depths and/ or time points; C3O, Canadian three Oceans; RI, Rivers Inlet; 
SI, Saanich Inlet. 
 

Viral abundance and bacterial abundance by flow cytometry 

Abundances of dsDNA viruses and prokaryotes, referred to as the predominant bacteria 

hereafter, were determined in duplicate water samples using a Beckton Dickinson 

FACSCalibur flow cytometer with a 15 mW 488 nm air-cooled argon ion laser, as 

described in (Brussaard, 2004). Briefly, samples were fixed for 15 min at 4 °C in the dark 

with electron microscopy-grade glutaraldehyde (25 %), final concentration 0.5 %, followed 

by snap-freezing in liquid nitrogen and storage at -80 °C. Right before analysis, the 
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samples are thawed and diluted in 0.2 μm filtered, autoclaved TE 10:1 buffer (10 mM-Tris 

HCl; 1 mM EDTA pH 8.0) and stained with SYBR Green I (Invitrogen, Carlsbad CA) at a 

final concentration of 0.5x10-4 of the commercial stock, for 10 min at 80 °C in a water bath. 

Samples were diluted in TE buffer (pH 8.0) if necessary to reach 100 to 1000 events s-1. 

Viruses were discriminated by plotting green fluorescence against side scatter, and the 

results analyzed with CYTOWIN version 4.31 (Vaulot, 1989). 

 

Nutrient analysis 

Nutrient samples were filtered through 0.22 µm pore-size PVDF syringe filters and stored 

at -20 °C until analysed. Total nitrate (reduced to nitrite and nitrite; referred to as the 

predominant nitrate hereafter), phosphate and silicate were analyzed with a Bran & 

Luebbe AutoAnalyzer 3 (SI and RI; SPX-Flow, Norderstedt, Germany) or a Technicon 

AutoAnalyzer 2 (C3O; SEAL-Analytical, Norderstedt, Germany) using air-segmented 

continuous-flow analysis. Colorimetry was used to measure the concentrations of reduced 

nitrate (Armstrong, Stearns and Strickland, 1967) and silicate at 550 nm, and reduced 

orthophosphate (Murphey and Riley, 1962) at 880 nm.  

 

Physical properties 

For physical data, in situ profiles of temperature, salinity and depth were measured with a 

SBE 25 (SI and RI) or SBE 911 (C3O) CTD (Seabird Electronics, Inc., Bellevue, WA). 

Chlorophyll concentration was estimated by a fast-repetition-rate fluorometer (FRRF), for 

SI and RI a WetStar fluorometer (Seabird Electronics, Inc., Bellevue, WA) for C3O a 

Seapoint Chlorophyll Fluorometer (Seapoint Sensors, Exeter, NH), were mounted to the 

CTD. Oxygen was measured with a SBE 43 oxygen sensor, and photosynthetically active 

radiation (PAR) was measured with a QSP-200PD sensor (Biospherical Instruments, San 

Diego, CA). 
 

Statistical analyses 

Of the 515 samples, 47 samples from Saanich Inlet were missing bacterial counts and 

211 samples from Rivers Inlet did not have PAR data; these were left out of the analysis 

when applicable. Other irregularly missing data points, with <10 % missing per variable, 



 22 

were filled by multiple imputation. The data were divided into three subsets of samples: 

Arctic, including some sub-Arctic samples, inlet, and hypoxic. Data from Saanich Inlet and 

Rivers Inlet comprised the inlet subset; data from C3O made up the Arctic subset, and 

samples with an oxygen concentration below 1.5 ml l-1 were pooled into the hypoxic 

subset. Statistical analysis was done in R, the statistical language (R, 2015). A linear 

discriminate analysis (LDA) of the samples based on scaled environmental variables was 

performed with the MASS package (version 7.3-40) to define the environments. Input 

variables for the LDA were temperature, salinity, chlorophyll, nitrate, phosphate, silicate 

and oxygen. Samples for one sampling day and one site were removed from the inlet 

subset due to extremely high viral counts, exceeding 1.5 times the interquartile range, and 

were thus considered to be outliers.  

 Single variable correlations were measured by linear models with viral and bacterial 

abundances being log transformed, while nitrate and phosphate data were not 

transformed, models were also built in the R environment. The explanatory power of the 

models were expressed as the coefficient of determination (R2) and significances in p-

values, m denoting the slope of the regression. Multivariate correlations were determined 

with generalized linear models, with Gaussian distribution and logarithmic link functions 

being run for viral abundance against environmental variables and / or log transformed 

bacterial abundance using the MASS package (Venables and Ripley, 2002). Models were 

run at a range of complexities, ranging from one input variable to all variables. For each 

complexity the optimal combination of variables was selected based on the Akaike 

Information Criterion (AIC) with the Stats package (R, 2015). Optimal models were then 

selected by comparing the AICs and considering improvements in explanatory power at 

different complexities; a relative drop in the AIC of two was considered relevant. Model fit 

was tested with a combined McFadden pseudo R2 and significance was tested on z-

values per coefficient, with a significance threshold of 0.05. Tests were performed with 

the BaylorEdPsych (version 0.5) package (Beaujean, 2012). 
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2.4 Results 

The data used in this study were categorized into inlet samples from Saanich and Rivers 

Inlets, hypoxic samples, mainly from deep inlet water, and arctic samples from Canadian 

Arctic and sub-arctic; each sample had characteristic environmental conditions.  

 Viral abundances across the data that went into models ranged from 4.83x105 to 

1.40x108 viruses ml-1, and bacterial abundances ranged from 7.31x104 to 7.40x107 

bacteria ml-1 (Table 2.1).  

 
Table 2.1: Ranges and mean values of data included in the statistical analysis. 

 
 

 A set of outlier samples from June 2009 in Rivers Inlet had extraordinarily high viral 

abundances with 1.40x108 viruses ml-1 at 10 m, which remained above 4x107 viruses ml-

1 until 320 m depth. Bacterial abundances were proportionally high and varied between 

7.4x107 and 2.04x107 bacteria ml-1 over the same depths, but the environmental variables 

did not show a correlated pattern. 

 Environmental variables also varied widely across the data sets. Temperature 

ranged from -2 to 15 °C and salinity from 3 to 35 PSU, while chlorophyll and oxygen ranged 

from 0.03 mg m-3 and 0.005 ml l-1 to 44 mg m-3 and 10 ml l-1, respectively. PAR data 

available for Saanich Inlet and C3O samples went down to zero in hypoxic water layers 

and reached a maximum of 669 µmol quanta m-2 s-1. Nutrient values ranged from 0.01 to 

54 µM for nitrate, 0.006 to 7 µM for phosphate and 0.07 to 141 µM for silicate.  
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Classification of samples into environments 

Linear discriminate analysis (LDA) of all samples based on scaled environmental data, 

temperature, salinity, oxygen, nitrate, phosphate, silicate and chlorophyll, showed that the 

data can be separated into three distinct groups (Figure 2.2), reflecting arctic, inlet and 

hypoxic environments. The first dimension LD1 describes 92.6 % of the variation and the 

second dimension LD2 7.4 %. The arctic and inlet samples partially overlap in the LDA 

plot while the hypoxic samples are clearly separated.  

 

 
Figure 2.2: LDA of samples used in models. 
The analysis is based on temperature, salinity, nitrate, phosphate, silicate, chlorophyll and oxygen. Symbols 
depict the classified environment, Arctic samples (open circles), Inlet samples (open squares), Hypoxic 
samples (open triangles). 
 

 

Besides their variability in temperature and salinity, the three environments varied 

drastically in the availability of nitrate and phosphate (Figure 2.3). Nitrate to phosphate 

ratios in the inlet and coastal environments co-varied with a ratio of about 12:1, higher 

than the average elemental N:P stoichiometry of 5:1 for viral particles, but lower than the 

ratio of 16:1 associated with phytoplankton in balanced growth or heterotrophic bacteria 
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(Redfield, Ketchum and Richards, 1963; Jover et al., 2014). Nutrient concentrations also 

co-varied with depth, with surface samples generally being low in nutrients. Furthermore, 

coastal samples generally showed lower nitrate concentrations than inlet samples. The 

majority of samples have a relatively low phosphate concentration when compared to 

nitrate concentrations. This trend was reversed in the hypoxic samples with nitrate and 

phosphate concentrations being negatively correlated.  

 

Explanatory power of single variable linear models 

Linear models (LM) showing the distribution of direct relationships of log transformed viral 

abundances vs. log transformed bacterial abundances for the Arctic, inlet and hypoxic 

data sets are shown in figure 2.4. For the inlet and Arctic data sets there were significant 

positive relationships between viral and bacterial abundances, explaining 48 % of the 

variation in viral abundance in the inlet and 66 % in the Arctic. In the hypoxic samples 

there was no significant relationship between viral and bacterial abundances (R2=-0.01, 

p=0.79) (Table 2.2).  

 Nitrate and phosphate concentrations showed significant relationships to viral 

abundances in Arctic and inlet environments (Figures 2.5 and 2.6, Table 2.2). However, 

these relationships varied in strength and on average only explained ~ 20-40 % of the 

variation in viral abundances. For nitrate, the R2 values were 0.37 for arctic samples and 

0.33 for inlet samples, while for phosphate the values were 0.12 and 0.28, respectively. 

Relationships between viral abundances and nitrate or phosphate for the hypoxic samples 

were low in explanatory power (R2=0.014; 0.009). Generally, viral abundance showed an 

inverse correlation to depth. 
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Figure 2.3: Nitrate to phosphate ratio for the samples from the three different environments. 
Colors indicate the sampling depth. The dashed lines show the elemental 5:1 stoichiometric N:P ratio of 
viral particles. 
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Figure 2.4: LMs of viral abundance to bacterial abundance. 
Viral and bacterial abundances are log transformed, linear regression shown, grey shading indicates the 95 
% interval, R2 and slope (m) shown, significances (p) are 2.5e-27; 1.9e-37; 0.79. 
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Figure 2.5: LMs of viral abundance to nitrate (µM) concentrations. 
Viral abundance is log transformed, linear regression shown, grey shading indicates the 95 % interval, R2 
and slope (m) shown, significances (p) are 1.4e-12; 1.2e-24; 0.096. 
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Figure 2.6: LMs of viral abundance to phosphate (µM) concentrations. 
Viral abundance is log transformed, linear regression shown, grey shading indicates the 95 % interval, R2 
and slope (m) shown, significances (p) are 1e-04; 3.6e-20; 0.15. 
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Table 2.2: Model statistics for bivariate linear models. 

 
 

Multivariate models show increased explanatory power 

Multivariate models of viral abundance were based on generalized linear models (GLM) 

and logarithmic link functions. For each environment the best model was selected based 

on the AIC. Combining only environmental variables, excluding bacterial abundance, 

produced meaningful models in all three environments, roughly matching the explanatory 

power of bacterial abundance (Figure 2.7). The coefficient of determination for the three 

multivariate models was assessed by McFaddin pseudo R2. Pseudo R2 of the GLMs and 

viral abundance in arctic, inlet and hypoxic environments were 0.56, 0.47 and 0.31, 

respectively. Significant variables for all three environments was temperature, nitrate was 

significant in the Arctic and inlet environment (Table 2.3). Silicate was a significant variable 

for the Arctic and hypoxic environments, while phosphate was only significant in the 

hypoxic environment. Notably, for the inlet and hypoxic samples, the models using 

combined environmental variables created better correlations than models based on 

bacteria only. 
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Figure 2.7: GLMs of viral abundance to environmental variables. 
Gaussian model with a logarithmic link function. Linear regression shown, grey shading indicates the 95 % 
interval, significant pseudo R2 and slope (m) are shown. 
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 The combined models of bacterial abundance and environmental variables 

substantially improved the relationship to viral abundances across all environments 

(Figure 2.8). For the Arctic and inlet samples pseudo R2s are high with 0.72, 0.59. The 

hypoxic model did not include bacterial abundance as a significant variable. Again, best 

models were identified by the AIC for each environment.  

 

 
Figure 2.8: GLMs of viral abundance to bacterial abundance and environmental variables. 
Bacterial abundance is log transformed. Gaussian model with a logarithmic link function. Linear regression 
shown, grey shading indicates the 95 % interval, significant pseudo R2 and slope (m) are shown. 
 

 Besides bacterial abundance, nitrate was the only significant variable in the models 

for both environments (Table 2.4). The improvement over models solely based on 

bacterial abundances was stronger for the inlet samples than for arctic samples. GLMs 
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for samples where PAR data were available showed that PAR was not a significant 

parameter and did not improve the explanatory power of the models. 

 
Table 2.3: Parameters of GLMs based on environmental variables. 
AIC, pseudo R2, sample size (n) and degrees of freedom (df) shown with the effect sizes for significant 
variables, fonts indicate the significance level. 
 

 
Table 2.4: Parameters of GLMs based on environmental variables and bacterial abundance. 
AIC, pseudo R2, sample size (n) and degrees of freedom (df) shown with the effect sizes for significant 
variables, fonts indicate the significance level. 
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2.5 Discussion 

It is well established that viral and bacterial abundances covary at a ratio of approximately 

10:1 in marine waters (Wommack and Colwell, 2000). A recent meta-analysis of different 

studies, concluded that this relationship varies among studies and is usually better 

described by a power law than by a fixed ratio model (Wigington et al., 2016). 

Furthermore, it is evident that the drivers of virus-host relationship differ among 

environments (Clasen et al., 2008). Patterns in viral and bacterial abundances are 

relevant since an increase in either would increase contact rates of virus-host systems 

and thus infection rates, with effects on nutrient cycles. Lab and field experiments have 

identified several environmental variables that can influence viral abundance by affecting 

viral infection, replication and degradation (reviewed by Mojica and Brussaard, 2014). 

Here we examine the influence of environmental variables on the relationship between 

viral and bacterial abundances, and how the effects differ among environments. 

 

Classification of samples into environments 

The database was compiled from samples from several locations, seasons and depths. 

Environmental conditions, bacterial abundances and viral abundances were in the typical 

ranges for these habitats. The set of outlier samples from Rivers Inlet that was excluded 

from the models displayed excessively high viral and bacterial abundances which could 

not be related to any of the environmental variables and not explained in a model. 

Presumably this was due to a period of frequent lysis events and does show the difficulty 

in accounting for such extremes. 

 Based on environmental variables, samples were classified into Arctic, inlet and 

hypoxic environments. The LDA supported the approach to classify samples rather based 

on prevailing conditions than on geographic location or project. Arctic samples and inlet 

samples describe a gradual change in environmental conditions, while the hypoxic 

samples with dissolved oxygen concentrations below 1.5 ml l-1 represent a more 

drastically different environment, which is in line with other studies (Zaikova et al., 2010; 

Moffitt et al., 2015). All of the hypoxic samples were found at relatively great depths below 

100 meters.  
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Given the stoichiometry of viral particles, nitrogen and phosphorus are key resources for 

viral replication and their concentrations could be expected to affect viral production. 

Nitrate to phosphate ratios were characteristic for each of the subsets of data, and were 

about 12:1 for the Arctic and inlet data, although concentrations reached higher values for 

the inlet samples. This ratio was higher than the estimated elemental ratio of 5:1 for viral 

particles (Jover et al., 2014), but lower than the nitrate to phosphate ratio of ~15:1 found 

in marine samples (Tyrrell, 1999). The ratio of nitrate to phosphate was reversed to 1:12 

in the hypoxic samples, as nitrate is used as an alternative electron acceptor by bacteria 

under anoxic conditions (Zaikova et al., 2010). Arctic surface and hypoxic deep samples 

displayed potential nitrate limitation for viral replication with concentrations approaching 

zero. Nitrogen and phosphorus show a similar relationship between their dissolved 

inorganic ratio normalized to carbon in seawater and their elemental ratio normalized to 

carbon in cells (Moore et al., 2013). Shifts in the nitrate to phosphate ratio in water are 

expected to reflect the nitrogen to phosphorus stoichiometry in cells. Thus, in low 

phosphate samples the high accumulation of cellular phosphorus in viruses (Jover et al., 

2014) could lead to a limitation in phosphorus supply during viral replication.  

 

Explanatory power of single variable linear models 

The strength of relationships between viral abundance and single variables differed 

among the subsets of data. The explanatory power of bacterial abundance was higher for 

the Arctic data (R2=0.66) than for the inlets data (R2=0.48), although both were 

comparable to relationships reported for other surface and sub-surface studies (Knowles 

et al., 2016; Wigington et al., 2016). Relationships of viral abundances to nitrate or 

phosphate were weaker than with bacterial abundance in the Arctic and inlet samples. But 

the significant explanatory power of nitrate (37 % and 33 %) in the Arctic and inlet 

environments comes close to that of bacterial abundance, highlighting the importance of 

nitrogen in viral replication. In the Arctic and inlet models viral abundance and depth 

showed covariation. However, within the scope of this study we treated depth as a co-

variate for the environmental variables, e.g., light, rather than an independent variable. 

For the hypoxic data relationships for all three single variables failed, apparently this 

environment features different processes than the other two. Overall, bacterial abundance 
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showed high explanatory power of the variation in viral abundance in most cases, but 

nutrient concentrations alone were not adequate to explain viral abundance.  

 

Multivariate models show increased explanatory power 

When environmental variables are combined into multivariate models describing viral 

abundance, and the best models selected based on AIC, they represent a compromise 

between explanatory power, model fit and model complexity. Based on the pseudo R2 

values, the models for the Arctic and the inlet data explain over 50% of the variation in 

viral abundance. For the inlet data this matches the explanatory power of bacterial 

abundance alone, while for the hypoxic data the explanatory power was increased to 31 

%, a substantial improvement compared to the insignificant correlations with bacterial 

abundance, nitrate or phosphate alone. Significant components of the models across all 

data sets were temperature and at least one of the nutrients. Notably, phosphate is a 

significant component of the model for the hypoxic model, where nitrate to phosphate 

ratios were inverted. The importance of nutrients, e.g. phosphate, to viral replication and 

infection is also highlighted by a reduced viral mortality of phytoplankton under phosphate 

limitation (Maat et al., 2014). That phosphate was more significant than nitrate in the 

hypoxic model was presumably a result of the depletion of nitrate in samples that are truly 

anoxic. Chlorophyll being a significant variable in the hypoxic environment, however, must 

be a statistical artefact and should be disregarded in future studies. Based on the data 

presented chlorophyll, as a proxy for phytoplankton, could probably be neglected in future 

models, also since the majority of dsDNA viruses are produced by and infect heterotrophic 

bacteria. Multivariate models to explain viral abundance from environmental variables 

match or even exceed the explanatory power of bacterial abundance. 

 Overall, the combination of environmental variables and bacterial abundance data 

greatly improved the explanatory power of the models in all three datasets, with 73 % and 

59 % of the variation in viral abundance explained by the multivariate models for the arctic 

and inlet data. For the hypoxic data, the explanatory power did not increase when 

including bacterial abundance from the multivariate model using environmental variables 

only, showing the disconnection between viral abundance and bacterial abundance in this 

environment. Across the multivariate models the strongest component besides bacterial 
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abundance was nitrate. While temperature and salinity were significant variables in the 

models for the Arctic and inlet environments, the hypoxic model only incorporated the 

nutrients in addition to bacterial abundance. Chlorophyll only was a significant variable in 

the Arctic environment where phytoplankton viruses feasibly are contributing of a 

substantial number of the viral community. Supporting this finding, studies found 

significant correlations between chlorophyll and viral abundance for seasonal samples in 

inlets of the Beaufort Sea (Payet and Suttle, 2008) and fresh water environments 

(Maranger and Bird, 1995). The influence of environmental variables on the relationship 

between viral and bacterial abundances, and the differences among environments was 

consistent with earlier observations from marine and freshwater environments (Clasen et 

al., 2008). Yet this project extends these observations by a better understanding of the 

environmental variables in effect. 

 In conclusion, environmental variables appear to have a significant influence on 

the relationship between viral and bacterial abundances in marine samples. We provide 

a first attempt at generalized models that capture this relationship, and a first step towards 

a better ecological understanding of what controls virus abundance in the ocean. For the 

purpose of explanatory models, samples can be classified by environment rather than 

arbitrarily by project, cruise or station. While bacterial abundance is a good, established 

predictor for viral abundance, it fails in certain environments and can be substantially 

improved by incorporating environmental variables in more complex models. Individual 

environmental variables do not have great explanatory power for predicting viral 

abundances, but when combined in multivariate models can produce explanatory power 

comparable to that of bacterial abundance alone, or surpass it. Ultimately, the combination 

of bacterial abundance and environmental variables provides a better explanation of viral 

abundances across environments than bacterial abundances alone. Based on this study 

the best environmental variables to explain viral abundance are salinity and temperature, 

the key physical variables of sea water, and nutrient concentrations, specifically nitrate 

and phosphate. The three types of environments studied in this project are predicted to 

be strongly affected by climate change, with increased stratification in inlets, the North 

Atlantic, Arctic and Northeast Pacific, and associated changes in vertical nutrient fluxes 

and expanding oxygen minimum zones (OMZ) (Keeling, Körtzinger and Gruber, 2010; 
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Capotondi et al., 2012; Hordoir and Meier, 2012). Understanding the interplay between 

viruses, hosts and environmental variables improves the capabilities in predicting how 

these environments will respond to environmental changes.  
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Chapter 3:  Variation in the genetic repertoire of viruses infecting 

Micromonas pusilla reflects horizontal gene transfer and links to their 

environmental distribution 

 

3.1 Summary 

Prasinophytes, a group of eukaryotic phytoplankton in the division Chlorophyta, have a 

global distribution and are a major component of coastal and oceanic communities. 

Members of this group are infected by large double-stranded DNA viruses 

(prasinoviruses) of the Phycodnaviridae family, which can be significant agents of 

mortality. However, information on the genetic diversity of these prasinoviruses and their 

environmental distribution is limited.  

 This study examines the genetic repertoire, phylogeny and environmental 

distribution of phycodnaviruses infecting Micromonas pusilla and other prasinophytes and 

chlorophytes.  

 The genomes of viruses infecting M. pusilla were compared to viruses that infect 

other prasinophytes and chlorophytes, and a M. pusilla host genome. Presumed cell-

derived genes were investigated for their closest non-viral homologue to identify their 

origin. A relationship between the genetic repertoire of viruses and their DNA polymerase 

phylogeny was established. Using this relationship the prevalence of phycodnavirus 

ecotypes was assessed in environmental samples. 

 The data showed that M. pusilla viruses share a limited set of core-genes, but vary 

strongly in their pan-genome, displaying a great diversity in genetic repertoire. This pan-

genome contains numerous metabolic genes such as for amino acid synthesis and 

nucleotide sugar metabolism. Surprisingly few of these presumably host-derived genes 

are shared with M. pusilla, but rather have their closest non-viral homologue in bacteria 

and other eukaryotes, indicating horizontal gene transfer. This diversity of genetic 

repertoire was reflected in prasinoviruses communities across environmental samples. 

 This research highlights the variation in genetic repertoire encoded by 

prasinoviruses and their evolutionary history driven by horizontal gene transfer. It also 

reveals a high phylogenetic diversity and a connection to the distribution pattern of 
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prasinovirus ecotypes, deepening our understanding of the processes of selection on 

viruses. 

 

3.2 Introduction 

Prasinophytes are a divergent group of marine eukaryotic phytoplankton within the 

Division Chlorophyta (Leliaert et al., 2012). They have a global distribution and are a major 

component of coastal and oceanic communities, and include the prominent genera 

Micromonas, Ostreococcus and Bathyococcus. They arguably constitute the second most 

abundant group of phytoplankton after cyanobacteria with a high importance in primary 

production (Worden, Nolan and Palenik, 2004; Marin and Melkonian, 2010). 

 Prasinophytes are infected by large icosahedral viruses with double-stranded DNA 

genomes (Van Etten et al., 2002). These viruses can be significant agents of mortality and 

influence nutrient fluxes, host diversity or act in horizontal gene transfer (Brussaard, 2004; 

Dunigan, Fitzgerald and Van Etten, 2006). The genera Prasinovirus and Chlorovirus are 

within the family Phycodnaviridae (King et al., 2012) which share properties with other 

Nucleocytoplasmic Large DNA Viruses (NCLDV) (Koonin and Yutin, 2010). NCLDVs 

include viruses infecting amoeba and mammals, but phycodnaviruses solely infect algae. 

While NCLDV genomes range from 100 kb to 2.5 Mb in size (Koonin and Yutin, 2010; 

Philippe et al., 2015), characterized phycodnaviruses range from 150 to 560 kb (Van 

Etten, Lane and Dunigan, 2010).  

 In recent years, several prasinovirus genomes have been sequenced. The genome 

of Micromonas pusilla virus MpV1 is 184,095 bp; genomes of Ostreococcus tauri virus 

OtV5 and O. lucimarinus virus OlV2 are 186,234 and 196,300 bp, respectively, and those 

of the Bathyococcus prasinos viruses BpV2 and BpV1 are 187,069 are 198,519 bp, 

respectively (Derelle et al., 2008, 2015; Moreau et al., 2010). Generally, prasinoviruses 

are similar in genome structure and content, and show a high degree of orthology and 

synteny (Weynberg et al., 2009; Moreau et al., 2010).  

 Despite the similarity in genome architecture among prasinoviruses, they are 

typically host specific within a species, as shown for viruses infecting Ostreococcus spp. 

(Derelle et al., 2015). As well, viruses infecting M. pusilla do not infect Ostreococcus spp.; 

yet, they infect M. pusilla strains from different origins (Martínez et al., 2015). However, 
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some viruses infect and potentially incorporate genes across genera (Iyer et al., 2006); 

thus prasinoviruses have the potential to acquire genes from different host genera. 

Consequently, the genome of prasinoviruses is comprised of a small set of core genes 

and a larger flexible genome.  

 Although the functions of most prasinovirus genes are still unknown (Santini et al., 

2013), there is a set of core genes that are essential for viral replication and structure 

including DNA polymerase, DNA topoisomerase and seven to eight genes encoding 

capsid proteins (Derelle et al., 2008, 2015; Weynberg et al., 2009). In contrast, the flexible 

pan-genome comprises many genes of unknown function, but also metabolic genes 

similar in their role to the auxiliary metabolic genes (AMGs) found in cyanophages 

(Breitbart et al., 2007). The genomes vary in the tRNAs (Moreau et al., 2010) and K+ 

channels (Siotto et al., 2014) that are encoded. As well, Ostreococcus viruses possess 

genes of presumed cellular origin, some with homologues in their hosts. These include 

genes associated with sugar metabolism (glycosyltransferases), nucleotide modification 

(ribonucleotide reductase), amino-acid synthesis (acetolacetate synthase), phosphate 

starvation (phoH) and many more (Weynberg et al., 2009). Moreau et al. (2010) have also 

shown that there are homologues of cell-derived genes in viruses that infect members of 

the genera Bathyococcus, Ostreococcus and Micromonas. Assuming that these genes 

are expressed during viral replication, the viruses carrying them will be more “fit” under 

conditions where these genes carry a selective advantage. Yet, the distribution of pan-

genes among prasinoviruses remains to be studied. 

 Core genes have been used as targets to investigate the distribution and diversity 

of specific groups of viruses across environments. Moreover, because these genes are 

conserved and not laterally transferred, they can be used to build phylogenetic 

relationships within groups of viruses. Viruses which are most closely related would also 

be expected to be similar in terms of overall gene content. Hence, viruses that are most 

similar to each other with respect to the phylogeny of their core genes, would be expected 

to share a similar genetic repertoire.  

Genes encoding DNA polymerase B (DNApol) and the Major Capsid Protein (MCP) have 

been used extensively to study phycodnavirus diversity. In particular, DNApol sequences 

have been used to infer diversity and phylogenetic relationships among phycodnaviruses 
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in marine (Chen and Suttle, 1996; Chen, Suttle and Short, 1996; Short and Suttle, 2002, 

2003) and freshwater (Short and Short, 2008; Clasen and Suttle, 2009; Gimenes et al., 

2012) environments. Similarly, MCP has been used as a marker of phycodnavirus 

diversity (Larsen et al., 2008; Rowe et al., 2011). Clerissi, Grimsley, Ogata et al. (2014) 

used full and partial DNApol and MCP gene sequences to phylogenetically compare 

prasinoviruses and chloroviruses, and showed that full-gene phylogenies for DNApol and 

MCP were congruent. However, looking at diversity and phylogeny with amplicon 

sequences is compromised because of the specificity of the primers. For example, the 

primers typically used for DNApol (Short and Suttle, 2002) amplify MpV sequences (Short 

and Short, 2008; Clasen and Suttle, 2009), whereas, the primers used for MCP miss them 

(Larsen et al., 2008). These differences were highlighted in a freshwater study (Zhong 

and Jacquet, 2014) in which primers for DNApol and MCP favored amplification of 

prasinovirus and prymnesiovirus sequences, respectively.  

 Another approach to examine the genetic relatedness among viruses is to build 

multi-gene phylogenies. This can be done based on selected core genes (Derelle et al., 

2015), or by comparing the presence and absence of genes across entire genomes. Gene 

presence or absence trees provide a rigorous way to examine evolutionary relationships 

among large DNA viruses (Yutin, Wolf and Koonin, 2014; Legendre et al., 2015), but the 

approach is not amenable to comparing viruses based on environmental sequence data. 

Nonetheless, gene presence-absence trees can be used to construct robust phylogenetic 

relationships among sequenced virus isolates, which in-turn, can serve as a backbone for 

making predictions about virus gene content from environmental amplicon-based 

sequencing data. Therefore a relationship between a phylogeny based on core-gene 

sequences, such as for DNApol, and overall gene content would need to be established. 

In this way, environmental amplicon data for DNApol can be used to infer the gene content 

of prasinoviruses in nature. This approach is explored in this chapter. 

 The impact that the gene content of viruses has on their environmental distribution 

is unexplored, but marine viruses show biogeographic patterns (Breitbart and Rohwer, 

2005; Chow and Suttle, 2015; Marston and Martiny, 2016), including viruses infecting 

Ostreococcus tauri that form distinct communities in contrasting environments (Bellec et 

al., 2010). Furthermore, Clerissi, Grimsley, Subirana et al. (2014) showed that the diversity 
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and composition of prasinovirus communities is influenced by environmental factors, 

particularly the availability of phosphate. A recent study on cyanophage isolates linked the 

genome similarity and their environmental distribution, thus formulating a diversification of 

viruses into ecotypes (Marston and Martiny, 2016). 

 This project contrasts the genomes of prasinoviruses infecting Micromonas pusilla 

to those of other phycodnaviruses from a range of hosts and environments with the goal 

of describing their genetic composition in the context of their environmental distribution. 

 

3.3 Materials and methods 

Genomic analysis of Micromonas viruses 

The Micromonas pusilla viruses MpV-PL1 and MpV-SP1 were isolated from the mixed 

layer in the Gulf of Mexico and coastal water of California, and propagated on M. pusilla 

strain UTEX991 (Cottrell and Suttle, 1995b). The viruses were purified from 15 mL of 

lysate by filtration through 0.45 and 0.22 µm pore-size Durpore membrane, 

ultracentrifugation and subsequent optiprep gradient centrifugation. The DNA was 

extracted and purified using Qiamp MinElut Virus DNA pin kit (Qiagen, Hilden, Germany) 

prior to sequencing to 10-fold depth and assembly by the Broad Institute, using the 454 

GS FLX platform and Newbler 2.7 (Roche, Basel, CH). Read assembly resulted in two 

contigs per virus that were mapped in Mauve 2.3.1 (Darling et al., 2004) to MpV1 as a 

reference genome. Sequencing gaps were closed by PCR amplification with customized 

primers (PL1 fwd-GAGGGTGGGCACGTTGGAG, rev-GTCTCTAGGACCCCCACCCT; 

SP1 fwd-GCTAATGACGAGTTCGGTCG, rev-ACTAAGTAACCGAAACTGTCCCC) to 

bridge the gaps, cloning of the product and subsequent Sanger sequencing (NAPS, 

University of British Columbia, Vancouver, BC). Final genomes were assembled in 

Geneious 6.0.5 (Biomatters Ltd., Auckland, NZ) based on sequence overlap.  

 To annotate the assembled genomes, Open Reading Frames (ORFs) were called 

using Artemis 14.0.0 (Carver et al., 2005) using a minimum ORF length of 65 amino acids 

(195 nt) with start and stop codons. ORFs were translated into amino-acid sequences 

using the standard genetic code in three reading frames using Artemis. Putative coding 

sequences (CDS) were searched for homologues in the nr-database (NCBI) with a protein 

BLAST (BLAST-P). Annotations were manually selected based on a minimum E-value of 
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E-10 and minimum 50 % alignment length. tRNAs were determined with tRNAscan-SE 

v1.21 (Lowe and Eddy, 1997). 

 CDS for MpV-PL1, MpV-SP1, MpV1, MpV-12T and M.pusilla UTEX 991 were 

clustered in USEARCH 6.1.544 (Edgar, 2010) based on a 50 % pair-wise identity at the 

amino-acid level. Viral clusters were labeled based on the annotation of MpV-PL1 where 

applicable. Genome contents were compared based on a cluster presence-absence 

scheme and Venn diagrams produced in R (R, 2015). Core genes in the M. pusilla viruses 

were defined when a cluster contained CDS from all four genomes, or a CDS could be 

associated with a cluster based on functional annotation and BLAST-P analysis.  

 

Deriving similarity in gene content from DNApol sequences 

Prasinovirus and chlorovirus genomes were compared phylogenetically. The genomes 

were clustered using USEARCH 6.1.544, as above, and compared for gene presence or 

absence. Phylogenetic distances (Dij) among genomes were calculated as [Dij=-

ln(Sij/sqrt(Ni*Nj))], where Sij, Ni and Nj are the number of shared genes, number of genes 

in one genome and number of genes in the other genome, respectively (Yutin, Wolf and 

Koonin, 2014). A Neighbor-Joining tree based on distance was constructed using the APE 

package (Paradis, Claude and Strimmer, 2004) in R, and visualized in FigTree 1.4.2 

(Rambaut, 2014). Bootstrap values for branch support were calculated from 1000 

iterations of random gene cluster sub-sampling. Reference DNApol sequences were 

extracted from the following genomes (accession numbers): MpV1 (NC_014767); MpV-

12T (NC_020864); BpV1 (NC_014765); BpV2 (HM004430); OtV1 (NC_013288); OtV2 

(NC_014789); OlV1 (NC_014766); OtV5 (NC_010191); OtV6 (JN225873); PBCV1 

(NC_000852); PBCV158 (NC_009899). Amplicon equivalents of 140 aa length were 

extracted from the reference sequences and aligned with clustalo 1.2.3 (Sievers et al., 

2011). Phylogenetic distances among the reference viruses were calculated based on 

maximum likelihood with the WAG substitution model. The optimal substitution model was 

selected with prottest-3.4 (Darriba, Taboada and Posada, 2011) and distance calculated 

using RaxML 8.0 (Stamatakis, 2014). Phylogenetic distances of the gene presence-

absence matrix and DNApol were compared with a Mantel Test in R.  
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Assessing environmental data and prasinovirus sequences 

Amplicons of DNApol gene fragments were used to infer prasinovirus diversity in 

environmental samples. Samples of 20 to 72 liters of water were taken from the surface 

at three sites in the Strait of Georgia, Jericho Pier (JP) and Point Atkinson (PA), the Juan 

de Fuca Strait (JF) and in the surface layer and at 200 meters depth, several times per 

year in Saanich Inlet (SI) (Sampling details in Supplementary table A1). JP, PA and JF 

samples were sequentially filtered through 47 mm diameter GC50 (Advantec MFS Inc., 

Dublin, CA) and HVLP (Millipore Merck, Darmstadt, Germany) membrane filters (0.7 µm 

nominal pore-size for each filter). Similarly, Saanich Inlet samples were filtered through 

2.7 µm nominal pore size GF/D filters (Whatman, Maidstone, UK) and 0.22-um pore-size 

Sterivex filters (Millipore, Billerica, MA). The remaining particulate matter in each filtrate 

was then concentrated by tangential flow filtration (TFF) with a 30 kDa molecular-weight 

cutoff cartridge filter (Prep-Scale; Millipore, Billerica, MA) to make a viral concentrate (VC) 

that was stored at 4 ºC in the dark. For DNA extraction, 12 ml VC subsamples were 

concentrated by ultracentrifugation for 4 h at 124000 g at 15 ºC, and the pellets eluted 

with 500ul Tris-HCl 1% SDS at 4 °C overnight. Samples from Saanich Inlet were pooled 

into surface layer and deep composites. The viral capsids were lysed with Proteinase K 

(Invitrogen, Carlsbad, CA) (100 µg ml-1) and DNA extracted using phenol:chloroform. 

Partial DNA polymerase sequences were amplified with AVS1 and AVS2 primers (Chen 

and Suttle, 1995), and 500 ng of the PCR products used for library preparation and 

sequencing with a 454 GS FLX with Titanium Chemistry (Roche, Basel, CH) at the Broad 

Institute (Cambridge, MA). Reverse AVS sequences were denoised using QUIIME v1.4 

(Caporaso et al., 2010) and chimeras were removed using UCHIME v4.2.40. Denoised 

sequences were translated to amino acids with FragGeneScan v1.16 (Rho, Tang and Ye, 

2010) and dereplicated using USERACH (v6.1.544). Reads from all environmental 

samples and reference sequences were pooled and clustered at 97% identity in 

USEARCH (v8.1). Clusters with only one member were discarded and centroids of the 

other clusters were aligned with clustalo 1.2.3. Gaps in the alignment were trimmed and 

a maximum-likelihood tree was built in RaxML 8.0. Environmental reads and reference 

sequences were parsed using USEARCH (v8.1) at 97 % identity, the phylogenetic tree 

was edited using iTOL v3.2.4 (Letunic and Bork, 2016). Frequency distribution of parsed 
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environmental reads were rarefied to the lowest number of cumulative reads per sample 

using the VEGAN package (Oksanen et al., 2016) in R. 

 In situ measurements of temperature and salinity were made with electrodes 

mounted on a Seabird (Seabird, Bellevue, WA) CTD (Saanich Inlet) or YSI probe (YSI, 

Yellow Springs OH) probe (JP, PA, JF). As well, remote sensing data were extracted from 

Aqua MODIS data (NASA Goddard Space Flight Center, Ocean Ecology Laboratory, 

Ocean Biology Processing Group) to estimate chlorophyll a (chl, mg m-3), daytime sea-

surface temperature (SST, 4u, °C), photosynthetically active radiation (PAR, µmol 

photons m-2 s-1) and particulate organic carbon (POC, mg m-3 443/555) as a rolling 32-d 

composite pre-dating the sampling period, at a 4-km resolution. Data was processed and 

mapped in R. 

 

3.4 Results 

Origin and distribution of genes in Micromonas viruses 

The genomes of Micromonas viruses MpV-PL1 and MpV-SP1 were completed, analyzed 

and annotated. Sequencing gaps were closed using custom-designed primers, and a 

BLAST-P analysis of MpV ORFs against the nr-database improved their annotations, 

although most still lack a putative function. This study focused on MpV-PL1 and MpV-

SP1, and their comparison to MpV1 (NC_014767) (Moreau et al., 2010) and MpV-12T 

(NC_020864). The viruses were isolated on three strains of M. pusilla (Table 3.1) and 

differ in genome size, the number and average length of their ORFs, GC content and 

tRNAs. The genome sizes range from 173,350 bp for MpV SP1 to 205,622 bp for MpV-

12T, which does not correspond to the number or size of ORFs; MpV1 possesses the 

fewest (244) but, on average, longest ORFs (715 bp), while MpV-PL1 has the most (275) 

but not the shortest, on average (684 bp). MpV-12T also has the lowest GC content (39.8 

%), while MpV-PL1 has the highest (43.3 %). Although six tRNAs are common in 

Micromonas viruses, MpV-PL1 lacks Leu-tRNA, while MpV-12T carries two copies of Asn-

tRNA.  
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Table 3.1: General genome characteristics of M. pusilla viruses. 
Comparison of MpV PL1 and SP1 to MpV1 and MpV-12T. Host refers to original host of isolation; ORF 
length is average; GC % for whole genomes; tRNAs present in genomes, copy number. 
 

 

 The cluster analysis of four Micromonas viruses and a host (M. pusilla UTEX991) 

genome based on 50% amino-acid identity (Figure 3.1) revealed 80 ORFs shared by all 

viruses, 140 are shared in at least two genomes and 357 are unique. While MpV1, MpV-

PL1 and MpV-SP1 share about half of their ORFs (130), MpV-12T has only 100 that occur 

in at least one other virus, and 153, not shared. In contrast, MpV-PL1 and MpV-SP1 have 

the highest overlap, with 194 ORFs in common. Only six ORFs are shared among the 

host, M. pusilla UTEX991, and the viruses at this similarity level. Three host ORFs occur 

in all the viruses (ribonucleotide reductase, dUTPase and a cell-division protein), while 

three others occur in a subset (DNA primase, a heat-shock protein and a hypothetical 

protein). 

 Combining the cluster analysis of putative viral genes with an additional BLAST-P 

analysis against the nr-database revealed a core-genome of 119 genes and 327 genes in 

a pan-genome (Table 3.2). Core genes include those essential for viral replication and 

virion structure, such as DNA polymerase type B (DNApol), DNA ligase, transcription 

initiation factor and seven capsid proteins. Most putative genes are in the flexible pan-

genome, including genes which are functionally of cellular origin, such as those involved 

in carbon metabolism and DNA repair, yet most have no functional annotation. Other 

putative genes of presumable cellular origin associated with amino-acid synthesis, 

including acetaldehyde dehydrogenase, acetolacetate synthase and aminotransferase, 

occur in MpV1 (Moreau et al., 2010), and also MpV-PL1, but are not found in the other 
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Micromonas viruses. Heat-shock-protein 70 is found in MpV-12T and MpV-PL1, and is 

also shared with M. pusilla UTEX991. The DNA methylase and DNA methyltransferases 

are site specific and differ among the viruses. Moreover, MpV-PL1 and MpV-SP1 have a 

putative host-derived gene for 6-phosphofructokinase, MpV1, MpV PL1 and MpV SP1 

share dTDP-D-glucose 4,6-dehydratase. In contrast only MpV-12T carries UDP-glucose 

6-dehydrogenase and only MpV-SP1 has two transketolase-related genes. Several other 

genes are shared among MpV-PL1, MpV-SP1 and MpV1, but not with MpV-12T, which 

also has the most genes without functional annotation. 

 

 

 

 
Figure 3.1:Shared genes of four M. pusilla viruses and M. pusilla UTEX991. 
Venn diagram based on clusters by 0.5 amino-acid identity. Dashed circles represent host genes shared 
with viruses. 
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Table 3.2: Genes of the core and pan-genomes of four M. pusilla viruses. 
Classification based on a combined cluster and BLAST-P analysis. The annotation is based on MpV-PL1. 
 

 

 A BLAST-P analysis against the nr-database of putative coding sequences (CDS) 

with a functional annotation revealed that for most core-genes the closest hit is to other 

virus sequences, while for the flexible genome the close homologues often are cellular 

(Figure 3.2). However, few of the sequences of presumed cellular origin are found in M. 

pusilla UTEX991, but are rather more similar to sequences in other eukaryotes, bacteria, 

cyanobacteria or archaea. 

 
 

Figure 3.2: Presumed origin of viral genes. 
Results for 90 genes with a functional annotation in the four M. pusilla viruses examined in this study. 
Presumed origin is based on BLAST-P hits against the nr-database, numbers of gene shown. 
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Deriving similarity in gene content from DNApol  

A Neighbor-Joining (NJ) phylogenetic analysis of prasinoviruses and chloroviruses based 

on the presence and absence of putative genes shows the similarity of the viruses to each 

other (Figure 3.3). The more closely the viruses are related in their gene content, the 

closer they are on the tree, indicating that the Chlorella, Bathyococcus and most 

Ostreococcus viruses form well-defined groups; whereas, the Micromonas viruses form 

three distinct branches with MpV-PL1 and MpV-SP1 branching together, and MpV1 and 

MpV-12T being on separate branches. 

 Comparing the phylogenetic relationship among prasinoviruses and chloroviruses 

from analyses of gene presence and absence, and DNApol sequences draws a congruent 

picture with matching tree topology (Figure 3.3). Also the phylogenetic distances between 

pairs of viruses based on gene presence-absence data and full-length DNApol sequences 

(Table 3.3) were highly correlated (Mantel Test), whether chloroviruses were included in 

the analysis (r=0.99), or not (r=0.96). Amplicons from environmental samples will have to 

be clustered at an appropriate identity level that is specific to the full length DNApol. 

Correlating fragments of the reference DNApol sequences at different identity levels to 

their full length sequences showed decreasing variation with increasing stringency (Figure 

3.5). The variation approached zero when clustering DNApol fragments at 97% identity, 

which was thus applied to the environmental sequences in this study. 
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Figure 3.3:NJ phylogeny of prasinoviruses and chloroviruses based on gene content. 
Representing isolated viruses infecting the genera Ostreococcus (OtV1, OtV2, OtV5, OtV6, OlV1), 
Bathyococcus (BpV1, BpV2), Micromonas (MpV1, MpV-12T, MpV-PL1, MpV-SP1) and Chlorella (PBCV1, 
PBV158). The neighbor-joining tree is based on the presence and absence of shared putative genes. 
Bootstrap values are based on 1000 iterations of sub-sampling. 

Figure 3.4: ML phylogeny of prasinoviruses and chloroviruses based on DNApol sequences. 
Representing isolated viruses infecting the genera Ostreococcus (OtV1, OtV2, OtV5, OtV6, OlV1), 
Bathyococcus (BpV1, BpV2), Micromonas (MpV1, MpV-12T, MpV-PL1, MpV-SP1) and Chlorella (PBCV1, 
PBV158). The Maximum likelihood tree is based .on full-length DNApol sequences, bootstrap values based 
on 1000 iterations, scale bar represents substitution rate.
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Table 3.3: Pairwise phylogenetic distances of prasinoviruses and chloroviruses. 
Comparison of the phylogenetic distance between pairs of reference viruses based on full length DNApol (bottom left) and gene presence absence 
(top right). Italic numbers are number of CDS per genome. Mantel Test between the two distance matrices for all viruses and excluding chlorella 
viruses. 
 

 

 



 53 

 

 
Figure 3.5: Variation in pairwise phylogenetic distance of DNApol. 
Relationship between the variation in pairwise phylogenetic distance of full length reference virus DNApol 
sequences at different levels of % aa identity clustering of DNApol amplicons. 
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Prevalence of prasinoviruses is consistent with adaptation to environmental conditions 

To study the distribution of prasinovirus ecotypes in the environment five environmental 

samples, JP, PA, JF and Saanich Inlet surface layer and deep (Figure 3.6) were 

compared. Samples from Saanich Inlet were collected at seven time points over the 

course of a year from 10 m (SI surface) 200 m (SI deep) and were analyzed as annual 

composites from the surface layer and the deep layer at this site (Supplementary table 

A1). Estimates from Aqua MODIS satellite data, averaged over 32 days around the 

sampling dates showed ambient SST of 18 °C, PAR of 45-50 µmol photons m2 s-1 and 

Chlorophyll a (Chl) of 25-30 mg m-3 at JP and PA, while at JF the estimates were 10 °C 

SST, 55 µmol photons m2 s-1 PAR and 10 mg chl m-3. In situ salinity was 23 and PSU for 

PA and JF and 12 PSU for JP. Temperature and salinity for the SI surface and deep 

samples, measured in situ, averaged 7.5 and 9.4 °C and 30 and 31 PSU. Combined over 

all samples, environmental DNApol fragments from phycodnaviruses of about 129 aa 

length, pooled at 97 % similarity produced 197 OTUs including the references.  

 Phylogenetic analysis of these sequences revealed that they clustered into several 

groups, with most nodes being supported by bootstrap values above 75 % (Figure 3.7). 

The distribution of reference sequences on the tree matches the topology of trees based 

on gene presence or absence (Figure 3.3), and full-length DNApol sequences (Figure 

3.4). Some of the environmental sequences groups were associated with sequences from 

prasinovirus isolates, while others were distant from known prasinovirus sequences. 

Moreover, the most abundant environmental sequence from each sample clustered 

relatively near a sequence from a prasinovirus, with the exception of the most abundant 

sequence from the SI deep sample, which lies on a distant branch that only contains 

environmental sequences. Chlorella viruses are on a distant branch, Bathyococcus 

viruses are clearly separated and the Ostreococcus viruses are clustered together. The 

Micromonas viruses MpV-PL1, MpV-SP1 and MpV1 branch closely together with SI 

surface and JF sequences, while MpV-12T is distant from the other Micromonas viruses. 

Numerous branches of environmental sequences are not represented by sequences from 

isolates. For each of the five environmental samples the dominant OTUs were placed on 

distinctive branches of the phylogenetic tree. Dominant OTUs in JP and SI-deep are 

represented on separate branches, while for PA and JF they overlap (Figure 3.7). 
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Figure 3.6: Sampling locations and in situ conditions for environmental DNApol samples. 
Sampling locations for the five samples off the coast of British Columbia, Canada. Sea surface temperature 
(SST, °C), photosynthetically active radiation (PAR, µmol photons m-2 s-1) and chlorophyll A (Chl, mg m-3) 
concentration, based on 32 day composite data from the Aqua MODIS satellite. 
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Figure 3.7: ML phylogeny of 197 phycodnavirus OTUs. 
OTUs were recovered from five environmental samples of DNApol amplicons clustered at 97 % aa identity. 
Reference sequences are highlighted in purple, dominant OTUs and branches for the environmental 
samples are indicated in green JP (Jericho Pier), PA (Point Atkinson), JF (Juan de Fuca Strait), SI (Saanich 
Inlet). Grey branches represent rare OTUs. Bootstrap values indicate branch support, values from 50-100 
% are shown as size dependent circles, the scale bar represents the substitution rate. 
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3.5 Discussion 
This study highlights the similarities and differences among the genomes of M. pusilla 

viruses and other phycodnaviruses as well as their distribution in the environment. In 

particular, the results show that there is substantial overlap in the gene content among 

viruses infecting the genera Micromonas, Ostreococcus and Bathyococcus; however, 

there is also a large “flexible” component to their genomes. Moreover, there is 

considerable divergence among the Micromonas viruses, with the variation within these 

viruses being as large as it is among the sequenced prasinoviruses. Finally, an analysis 

of environmental DNApol sequences reveals expansive diversity of viruses closely related 

to prasinovirus isolates and niche-specific distribution of ecotypes in environmental 

samples. These findings are discussed in detail below.  

 

Origin and distribution of genes in Micromonas viruses 

The Micromonas viruses MpV1, MpV-PL1 and MpV-SP1 show a high degree of genome 

similarity to each other, as well as to Ostreococcus viruses in terms of the number of 

ORFs, ORF length, GC content and tRNAs, and in comparison to Bathyococcus viruses 

(Moreau et al., 2010; Derelle et al., 2015) and MpV-12T. Specifically, MpV-12T has a 

lower GC content and larger ORF length, and is more similar to Bathyococcus viruses, 

and was isolated on a different host strain than MpV-PL1 and MpV-SP1. Although MpV-

12T has a wide host range (Martínez et al., 2015), it does not infect the host of MpV-PL1 

and MpV-SP1. Moreover, genomes were compared for homologues by clustering at an 

amino acid identity of 50%. This cut-off was selected based on identities among obvious 

homologues by annotation and based on the sensitivity of the UCLUST algorithm, which 

applies the same identity definition as BLAST (Edgar, 2010). MpV-PL1, MpV-SP1 and 

MpV1 share most of their genes, while more than half of the MpV-12T genome is not 

shared with the other Micromonas viruses (Figure 3.1). Having only 80 genes shared 

among the Micromonas viruses at this identity level is low relative to the seven sequenced 

Ostreococcus lucimarinus viruses (Derelle et al., 2015), which share most of their genes 

and have pairwise nucleotide identities above 60 % for their core genes. 

 The identification of 80 ORFs with functional annotation that were shared among 

all the Micromonas viruses was the basis for defining a core genome among this group of 
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viruses, with the rest of the genes being assigned as the “flexible” pan-genome. These 

high similarity core genes (>50 % aa identity) were supplemented with results from an 

additional BLAST-P analysis. This resulted in a core genome of a combined 119 putative 

genes, including genes for viral replication and virion structure, as well as PhoH, which is 

induced under phosphate stress (Table 3.2). PhoH is widely distributed in marine phage 

and has been used as an alternative marker gene (Goldsmith et al., 2011; Goldsmith, 

Parsons and Beyene, 2015) for phages and also eukaryote viruses in diversity studies, 

yet its exact function is not well defined. The core genes associated with viral replication 

are also found in Ostreococcus viruses, although the set of conserved genes in 

Micromonas viruses appears lower than described for Ostreococcus viruses (Derelle et 

al., 2008, 2015; Weynberg et al., 2009); however, it is much larger than that found in the 

NCLDV super group (Koonin and Yutin, 2010).  

 In contrast to the core-genome, there is also a shared but flexible pan-genome that 

varies among Micromonas viruses. Most of these ORFs have no functional annotation, 

and those that do have been seen in other prasinovirus genomes. The gene complex for 

amino-acid synthesis found in MpV1 and Bathyococcus viruses (Moreau et al., 2010) is 

also present in MpV-PL1. Both MpV-PL1 and MpV-12T carry a copy of heat-shock protein 

70 despite their otherwise limited genome overlap. Two transketolase genes, part of the 

Calvin cycle and pentose phosphate pathway, are only found in MpV-SP1, but have 

phycodnavirus homologues in metagenomes from Yellowstone Lake (Zhang et al., 2015). 

A homologue of 6-phosphofructokinase, a key enzyme of glycolysis, is present in MpV-

PL1 and MpV-SP1, similar to Ostreococcus viruses (Weynberg et al., 2009). Given that 

these three genes were expressed during a transcriptional study of M. pusilla UTEX991 

infected by MpV-SP1 (unpublished data), similarly to the expression of transaldolase, 

glucose-6-phosphate dehydrogenase and 6-phospohgluconate dehydrogenase in 

cyanophages (Thompson et al., 2011), these genes may influence the host's metabolism 

during infection to boost viral replication. Furthermore the presence of dTDP-D-glucose 

4,6-dehydratase and glycosyl transferase in MpV1, PL1 and SP1 indicates activity in 

nucleotide sugar manipulation and potential glycosylation of proteins, similar to findings 

of glycosyl transferase in the Ostreococcus virus OtV1 (Weynberg et al., 2009). As well, 

UDP-glucose 6-dehydrogenase found in MpV-12T and MpV SP1 could feed products of 
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glycolysis into glycosylation of proteins of e.g. the capsid, similar to suggestions by Wang 

et al. (1993) and Weynberg et al. (2009). Altogether, these presumably cell-derived 

metabolic genes have the potential to be beneficial to viral production by boosting critical 

cell function for viral replication. 

 The search for host homologues of viral genes resulted in only six ORFs being 

shared between Micromonas viruses and the host strain for MpV-PL1 and MpV-SP1 at a 

similarity level of 50%. In contrast, Ostreococcus viruses share 11 genes with their host 

(Weynberg et al., 2009), but often at lower amino-acid identities to host homologs. A 

further, more detailed BLAST-P analysis of ORFs in Micromonas viruses that have a 

functional annotation reveals that most have highest similarity to those typically found in 

other viruses, but especially that non viral hits at high similarity are to sequences from 

bacteria and eukaryotes that are not potential host taxa (Figure 3.2). This is similar to 

findings for the Ostreococcus virus OtV5 (Derelle et al., 2008) and the Mollivirus, a NCLDV 

that infects Acanthamoeba (Legendre et al., 2015). Another comparison of prasinoviruses 

of different hosts also revealed a pattern of shared metabolic genes with an origin outside 

the host range, suggesting horizontal gene transfer (Moreau et al., 2010). Furthermore, 

horizontal gene transfer is believed to be the main mode to acquire novel genes for viruses 

of Ostreococcus and Micromonas (Filée, 2015), and to be beneficial for the virus (Monier 

et al., 2009). The data presented here provide putative evidence that horizontal gene 

transfer from a range of sources is widespread among viruses of Micromonas, possibly 

under selection pressure to adapt to environmental conditions. 

 

Deriving similarity in gene content from DNApol 

Measuring the prevalence of viruses with specific genetic repertoires, i.e. ecotypes, in the 

environment poses a challenge. This problem was approached by first constructing a 

phylogenetic tree based on the presence and absence of genes, in order to infer how 

closely the viruses were related to each other (Figure 3.3) and then correlating it to the 

phylogeny based on full-length DNApol sequences (Figure 3.4) and PCR amplicons. 

 The phylogeny based on gene presence and absence data presents an overall 

view of the genetic similarity among the prasinoviruses and its relationship to Chlorella 

viruses. While Ostreococcus and Bathyococcus viruses form well-defined groups, the 
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Micromonas viruses are more scattered among the tree with MpV-12T on an isolated 

branch, suggesting substantial gene loss and transfer among these viruses. The relatively 

low bootstrap values in the gene presence and absence tree is similar to other 

phylogenies based on this technique (Yutin, Wolf and Koonin, 2014; Legendre et al., 

2015). This reflects that M. pusilla viruses generally share many genes, but MpV-PL1 

shares more genes with OtV5 infecting Ostreococcus (125) than it does with MpV-12T 

(93) (Supplementary figure A1). Furthermore, the phylogenetic tree based on the 

presence and absence of genes is similar in topology to the phylogenetic relationship 

inferred from whole-gene DNApol sequences, as well as others based on DNApol 

sequences or the presence and absence of genes (Koonin and Yutin, 2010; Clerissi, 

Grimsley, Ogata, et al., 2014; Zhong and Jacquet, 2014; Derelle et al., 2015; Legendre et 

al., 2015). 

 Comparing pairwise phylogenetic distances based on gene presence and absence 

and DNApol showed strong congruency in the Mantel Test (Table 3.3). This implies that 

DNApol sequences can be used to infer phylogenetic relationships among environmental 

sequences to assess the diversity of prasinoviruses in environmental samples as has 

been done (Short and Suttle, 2002; Clerissi, Grimsley, Ogata, et al., 2014) and that it is a 

strong proxy to infer the similarity in gene content among prasinoviruses.  

 However, because PCR only amplifies a gene fragment, sequences need to be 

clustered at 97 % amino-acid identity to be specific to full length DNApol sequences. This 

is less stringent than Short and Short (2008), clustering at 97 % at the nucleotide level 

and Bellec et al. (2010) who considered differences by single nucleotides as defining a 

distinct Ostreococcus virus haplotype. In contrast, it is more stringent than clustering at 

75 % identity which was used in another study on prasinovirus distribution (Clerissi, 

Grimsley, Subirana, et al., 2014).  

 

Prevalence of prasinoviruses is consistent with adaptation to environmental conditions 

With a framework to infer the phylogenetic relationship and similarity in genetic repertoire 

among prasinoviruses based on DNApol amplicons, the approach was used to determine 

how well represented the sequenced prasinoviruses were across environmental samples. 

Since the four reference Micromonas viruses examined in this study were isolated from 
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widely separated geographic areas. MpV-SP1 and MpV-PL1 were isolated from water 

collected from Scripps Pier, San Diego CA, and Port Aransas, TX, respectively (Cottrell 

and Suttle, 1991), MpV1 was isolated from an eutrophic coastal lagoon in the 

northwestern Mediterranean (Moreau et al., 2010), and MpV-12T was isolated off of the 

Dutch coast (Martínez et al., 2015). Although Micromonas viruses occur in the coastal 

waters of British Columbia (Mayer and Taylor, 1979; Cottrell and Suttle, 1991), none of 

the sequenced isolates were from the region; hence, it was unknown if these genotypes 

would be well represented in these waters. 

 Five environmental samples from British Columbia coastal waters that reflect a 

range of conditions were analyzed for prasinovirus ecotypes and in situ conditions. 

Saanich Inlet is productive and stratified in spring and summer, and is isolated from 

deeper waters beyond the inlet because of a shallow sill; this leads to hypoxic deeper 

waters (Zaikova et al., 2010). JP is strongly stratified, with a fresh water influence from 

English Bay that is adjacent to the city of Vancouver, while PA is more exposed and mixed 

with a higher salinity. JF is off the coast of Victoria in very exposed and mixed waters of 

the Juan de Fuca Strait (Masson and Pena, 2009). This is described by the prevailing 

salinity, temperature and chl concentrations at the sampling locations (Figure 3.6). While 

JP and PA are similar in their high SST of 18 °C and chl concentrations, JF is a much 

deeper mixed water body with a SST of only 10 °C and lower chl concentration. However, 

PA is more similar to JF in terms of salinity with both being 23 PSU, characteristic for well 

mixed and exposed coastal environments. The combined DNApol sequences from all 

samples produced 197 distinct OTUs which were used to build a diverse and well 

supported Maximum-Likelihood DNApol tree displaying the prasinovirus and chlorovirus 

diversity. 

 The multitude of well defined branches on the DNApol tree suggest a large diversity 

in prasinovirus ecotypes illustrates their distribution across environments (Figure 3.7). The 

distribution of reference viruses on the tree generally reflects the tree topology of the 

reference trees based on full-length DNApol sequences and the presence and absence 

of genes, confirming the approach. The environmental OTUs substantially increases the 

known richness of prasinoviruses and especially Micromonas viruses in the environment. 

Furthermore, the specific distribution of the representative OTUs for each of the five 
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environments suggests a specialization of the corresponding viral ecotypes to prevailing 

conditions. The Saanich Inlet samples, being long term integrated samples, should rather 

be seen in comparison to each other than to the other three samples. Despite the 

AquaMODIS data showing JP and PA being similar in temperature and JP, PA, JF having 

similar chl concentrations and PAR levels, PA and JF are more similar environments 

based on their in situ salinities and presumed mixing. This is also reflected in the dominant 

prasinovirus genotypes for the samples. Saanich Inlet deep sequences and the stratified, 

near shore JP sequences are on separate isolated branches. The dominant sequences 

in Saanich Inlet surface and especially the two mixed, more saline PA and JF samples 

share branches. This specialization of viruses to environments is congruent with findings 

that prasinovirus communities in the Northwest Mediterranian Sea are affected by 

environmental variables and especially nutrient availability (Clerissi, Grimsley, Subirana, 

et al., 2014). Also, considering the relatively wide host range of these viruses within a 

genus (Cottrell and Suttle, 1991; Martínez et al., 2015) the pattern likely represents a 

response by the prasinovirus community to the specific environmental conditions and not 

solely the host community. Altogether this could mean that prasinovirus ecotypes with 

similar genetic repertoires, approximated by DNApol similarity, dominate in similar 

environments. 

 In conclusion, this research highlights the genetic repertoire encoded by 

prasinoviruses infecting M. pusilla and other prymnesiophytes. We identified a core set of 

genes that are shared among Micromonas viruses despite their marked differences, and 

identified a large set of genes that make up a flexible part of the genome, implying that 

there is a large “pangenome” that is shared among prasinoviruses. Furthermore we set 

the Micromonas virus genomes in contrast to genomes of other prasinoviruses, 

phycodnaviruses and a host genome elucidating overlap in genetic repertoire. The 

presumed origin of shared genes and their distribution across viral clades shows a 

complex evolutionary history and horizontal gene transfer.  
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Chapter 4: Environmental variables shape cyanomyovirus 
communities 
 

4.1 Summary 
The globally distributed and numerically dominant cyanobacterial genera Synechococcus 

and Prochlorococcus account for a large proportion of the world's primary production. 

They are infected and lysed by viruses (cyanophages), a process that influences 

cyanobacterial diversity, as well as carbon and nutrient cycling. Known cyanophages 

belong to one of the families Myoviridae, Podoviridae and Siphoviridae. Their dsDNA 

genomes include a number of host-derived auxiliary metabolic genes (AMGs) which are 

expressed and potentially facilitate viral replication. However, it is not well understood how 

the variations in genetic repertoire interact with environmental variables to influence viral 

selection and shape cyanomyovirus communities. 

 This project aims to correlate the genetic repertoire of cyanomyoviruses with the 

marker gene gp43 to investigate cyanomyovirus ecotype distribution as a function of 

environmental conditions across locations and seasons. 

 The marker gene phylogeny could be correlated to similarity in genetic repertoire. 

The data revealed spatial and seasonal patterns in the viral community which are related 

to environmental variables. The mixing regime of the water column as defined by salinity 

and temperature, and the associated nutrient availability, proved to be significant 

predictors of cyanomyovirus richness, diversity and community composition. Since 

environmental variables shape viral communities from the resident viral seed bank, 

different seed banks will respond differently to environmental changes. It is evident that 

environmental variables do shape cyanomyovirus communities and that viral ecotypes 

with corresponding genetic repertoires underlie selection pressure. However, all the 

mechanisms involved in viral selection remain to be fully understood.  

 The data further the understanding of the temporospatial variation of 

cyanomyovirus community compositions, their genetic repertoire, and their relationship 

with environmental variables. This understanding helps to better predict the response and 

ecological impact of cyanomyoviruses against a backdrop of environmental change. 
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4.2 Introduction 
Cyanobacteria are globally distributed and abundant pico-phytoplankton that are 

estimated to account for around 25% of the world's primary production (Li, William, 1994; 

Liu, Nolla and Campbell, 1997; Field et al., 1998; Partensky, Hess and Vaulot, 1999; 

Weigele et al., 2007). In the oceans, they are numerically dominated by members of the 

genera Synechococcus and Prochlorococcus (Liu et al., 1998). Cyanobacteria are 

infected and lysed by viruses (cyanophages), a process that influences their diversity, as 

well as carbon and nutrient cycling (Wilhelm and Suttle, 1999; Mühling et al., 2005; 

DeLong et al., 2006; Weitz and Wilhelm, 2012). 

 Cyanophages infecting members of the Synechococcus spp. and Prochlorococcus 

spp. have circular, dsDNA genomes (Suttle, 2000) and appear to be primarily lytic 

(Marston and Sallee, 2003; Clokie and Mann, 2006). All cyanophages isolated to date 

belong to the order Caudovirales (Weinbauer and Rassoulzadegan, 2003) and, 

depending on morphology, are assigned to one of the three families Myoviridae, 

Podoviridae or Siphoviridae. Cyanophages within the family Myoviridae, are referred to 

as cyanomyoviruses, many of which are genetically related to the coliphage, T4, and are 

referred to as T4-like phages. It is this group of viruses on which this project focuses. T4-

like phages are characterized by having long contractile tails and a comparably large host 

range that can span across genera (Suttle and Chan, 1993; Lu, Chen and Hodson, 2001; 

Sullivan, Waterbury and Chisholm, 2003; Lindell et al., 2004). Their genome sizes range 

from 150 kb to >200 kb and include a number of host-derived auxiliary metabolic genes 

(AMGs) (Breitbart et al., 2007; Clokie, Millard and Mann, 2010). These AMGs include 

genes coding for proteins involved in photosynthesis (PsbA, PebS), nutrient uptake 

(PhoH, PstS, NifU) and carbon metabolism (TalC) (Mann et al., 2003; Sullivan et al., 2005; 

Dammeyer et al., 2008; Williamson et al., 2008). Studies have shown that these AMGs 

are expressed and benefit viral replication (Bragg and Chisholm, 2008; Thompson et al., 

2011). An in silico model with phages of Prochlorococcus showed a fitness advantage for 

phages carrying AMGs for photosynthesis (Hellweger, 2009). The differences in genetic 

repertoire and the associated adaptations to niches diversifies cyanophages into ecotypes 

(Marston and Martiny, 2016). Most genes in cyanomyoviruses are not functionally 
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annotated, yet have the potential to also be beneficial during replication under specific 

conditions.  

 Virus replication is a resource-intensive process with a high demand for nutrients 

compared to cellular organisms (Jover et al., 2014), and several environmental factors 

have been shown to influence viral replication or degradation. For example, phosphate 

availability affects viral production (Suttle and Chen, 1992; Wilson, Carr and Mann, 1996; 

Sullivan et al., 2005; Jia et al., 2010) and a putative gene that is associated with phosphate 

stress was predominantly found in cyanophage isolates from nutrient limited regions 

(Sullivan et al., 2010), indicating selection pressure. As well, light affects adsorption and 

infection by cyanophages, but UV radiation affects viral degradation and DNA damage 

(Suttle and Chen, 1992; Noble and Fuhrman, 1997; Weinbauer et al., 1999). Hence, 

variation within the genetic repertoire of cyanophages may result in some viral genotypes 

being more fit than others under different environmental conditions, thus shaping the 

genetic composition of cyanophage communities. However, the relationship among the 

genetic repertoire and community composition of viruses, and environmental conditions 

is not well understood and challenging to study. 

 Over the years several genes have been used as markers to describe the 

biogeography and seasonal patterns of cyanomyovirus communities. The earliest and 

most extensively used marker gene for cyanomyoviruses is the capsid assembly protein 

gp20. Based on sequence analysis of isolates, PCR primers were designed that targeted 

cyanomyovirus gp20 sequences. Using these primers and a DGGE fingerprint analysis 

showed that gp20 sequences changed dramatically along a south-north transect in the 

surface water of the Atlantic ocean, but showed less variation with depth (Wilson et al., 

1999). Similar approaches revealed that community changes can also occur across small 

distances and depths, as well as across seasons (Frederickson, Short and Suttle, 2003; 

Wang and Chen, 2004). Both patterns were associated with changes in the physical 

environments and host communities. In another seasonal study, Mühling et al. (2005) 

examined changes in gp20 sequences and cyanobacterial diversity in the Red Sea and 

concluded that cyanomyoviruses controlled the composition of the host communities. A 

similar seasonal pattern was shown in Norwegian coastal waters by Sandaa and Larson 

(2006) that were also associated with surprisingly large variations in cyanomyovirus 
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genome size. However, despite pronounced seasonal and spatial variation in 

cyanomyovirus communities, some genotypes are widely distributed across sharply 

different environments (Short and Suttle, 2005). There are also concerns about using 

gp20 sequences to estimate cyanomyovirus diversity. McDaniel et al. (2006) revealed that 

gp20 sequences could only be amplified from about 60% of cyanomyovirus isolates. As 

well, Short and Suttle (2005) amplified gp20 sequences from samples collected at 2.5 km 

deep water, a biome not expect to be dominated by myoviruses infecting cyanobacteria. 

Consequently, amplified gp20 sequences may not be suitable for examining diversity 

changes in T4-like cyanophages.  

 An alternative marker gene for T4-like phages is gp23 that encodes the major 

capsid protein. The gene is highly conserved, and has been used to look at a wide 

diversity of myoviruses infecting a broad range of hosts (Tetart et al., 2001). The diversity 

of gp23 sequences across marine and fresh water environments is extensive (Filée et al., 

2005; Comeau and Krisch, 2008; Butina et al., 2010), and a study with high sampling 

frequency on myoviruses and bacteria showed resilience of taxa and a covariation 

between viruses and bacteria if a two-day time lag was incorporated (Needham et al., 

2013). Moreover, gp23 data show that while there is persistence of some OTUs there are 

strong seasonable patters in the composition of viral communities (Chow and Fuhrman, 

2012). However, because gp23 is highly conserved across a broad range of phages, it is 

less useful for specifically targeting cyanophages (Chow and Fuhrman, 2012).  

 The AMGs psbA and phoH have also been used as marker genes for a broader 

range of viruses. The photosynthesis protein PsbA is common in phages infecting 

Synechococcus, and can be used to distinguish freshwater and marine cyanophages 

(Mann et al., 2003; Chénard and Suttle, 2008). An advantage of using psbA as a marker 

is that it occurs in myoviruses and podoviruses, but being a host-derived gene the 

phylogeny potentially reflects more on the origin of the gene than the viral phylogeny. The 

phosphate stress-induced protein PhoH is present in the genomes of several groups of 

viruses and can be found in marine samples across a range of locations and depths. 

Moreover, viral and host sequences can be clearly distinguished from each other 

(Goldsmith et al., 2011). Community composition assessed with phoH shows that some 

viruses persist, but also that there is variation across depths and seasons (Goldsmith, 
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Parsons and Beyene, 2015). Patterns that were again confirmed for several types of 

viruses based on gp23 and phoH (Goldsmith et al., 2015). Both psbA and phoH are useful 

marker genes, but are neither essential nor exclusive to cyanomyoviruses and thus 

difficult to use in studying this group of viruses specifically. 

The DNA polymerase gene, gp43, is relatively new as a marker gene for myoviruses, and 

while the primers were not designed to be cyanophage specific they amplify 

cyanomyoviruses well (Marston and Amrich, 2009). An extensive study of cyanophage 

isolates from a range of locations and times, showed that there was great diversity, 

seasonality and geographic variability in gp43 sequences (Marston et al., 2013). The data 

also highlighted stark differences in community composition between contrasting 

environments, and that seasonal composition varied more gradually. Marston and Martiny 

(2016) have furthermore used gp43 to describe temporal patterns for cyanomyovirus 

isolate ecotypes. 

 One problem marker genes generally share is how well they reflect overall genome 

composition. Phylogenies based on comparing the presence and absence of genes have 

been used to compare closely related viral families and are the best way to compare the 

overall gene content of viruses (Yutin, Wolf and Koonin, 2014). However, this approach 

requires full genome sequencing and annotation of isolates and thus cannot be used to 

study complex natural communities. 

 The research described here establishes a correlation between the genetic 

repertoire of cyanomyoviruses and the marker gene gp43. This correlation is then used 

to interpret the distribution of cyanomyovirus genotypes and their genetic repertoire as a 

function of environmental conditions across locations and seasons. This data reveals a 

spatial and a seasonal pattern in the viral communities related to differences in 

environmental variables. Understanding the relationship between environmental variables 

and viral community composition can be used to help predict the response and ecological 

impact of cyanomyoviruses against a backdrop of environmental change. 
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4.3 Materials and methods 
Sampling 

Samples were taken for 12 months from the mixed surface layer and at 10 meters depth 

in Saanich Inlet, and throughout the mixed layer at 18 sites in the Strait of Georgia over 

the course of three years. Twenty to 200 liters of water were sampled with Niskin bottles 

(General Oceanics, Miami, FL) and processed immediately or stored at 4 °C in the dark 

until processing within 24 h. Samples were pre-filtered through 2.7 µm nominal pore-size 

GF/D glass-fiber filters (Whatman GE Health Care, Little Chalfont, UK) and 0.22 µm pore-

size Sterivex filters (Merck Millipore, Billerica, MA) for Saanich Inlet samples and 47-mm 

diameter 0.7 µm pore-size GC50 glass-fiber and 0.45 µm pore-size HVLP filters (Merck 

Millipore, Billerica, MA) for the Strait of Georgia samples. The remaining virus-size 

particulate matter in the samples was then concentrated to 500 ml volume by tangential 

flow ultrafiltration (TFF, Prep-Scale) with a 30 kDa cutoff (Merck Millipore, Billerica, MA). 

Viral concentrates (VCs) were stored at 4 °C until further use.  

 

Environmental data collection and processing 

Depth profiles of temperature and salinity were measured with a rosette mounted or cable 

deployed CTD SBE 25 (Seabird Electronics Inc., Bellevue, WA). Chlorophyll 

concentration was estimated using a fast repetition rate fluorometer (FRRF), and oxygen 

concentration was measured by a SBE 43 oxygen sensor (Seabird Electronics). 

Photosynthetically active radiation (PAR) was measured with a QSP-200PD sensor 
(Biospherical Instruments, San Diego, CA). 

 On board, nutrient samples were filtered through 0.22 µm pore-size PVDF syringe 

filters and the filtrate stored at -20 °C for later analysis with a Bran & Luebbe AutoAnalyzer 
3 (SPX-Flow, Norderstedt, Germany) using air-segmented continuous-flow analysis. 
Combined nitrate (reduced to nitrite) and nitrite, silicate and phosphate were measured 
by absorbance following established protocols (Murphey and Riley, 1962; Armstrong, 
Stearns and Strickland, 1967). 
 Viral and bacterial abundances were measured using a Beckton Dickinson 

FACSCalibur flow cytometer with a 15 mW 488 nm air-cooled argon ion laser. Samples 

were fixed for 15 min at 4 °C in the dark with 25 % electron-microscopy grade 
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glutaraldehyde (final concentration 0.5 %), followed by snap-freezing in liquid nitrogen and 

storage at -80 °C. Prior to measurement, samples were thawed and diluted in 0.2 μm 

filtered, autoclaved TE 10:1 buffer (10 mM-Tris HCl; 1 mM EDTA pH 8.0) and stained with 

SYBR Green I (Invitrogen, Carlsbad, CA) at a final dilution of 0.5x10-4 of the commercial 

stock, incubated for 10 min at 80 °C or 15 min at room temperature for viruses and bacteria 

respectively (Brussaard, 2004). Samples were diluted in TE buffer (pH 8.0) to ascertain 

100 to 1000 events s-1. Viruses and bacteria were discriminated by plotting green 

fluorescence against SSC signals and data was analyzed with CYTOWIN version 4.31 

(Vaulot, 1989) and WEASEL version 3.3 (Battye, 2015). 

 

DNA extraction, PCR and sequencing library preparation 

For DNA extraction, 25 ml of VC were syringe filtered through 0.22 μm pore-size GV PVDF 

Millex filters (Merck Millipore, Billerica, MA) and centrifuged for 6 h at 120,000 g and 8 °C. 

The supernatant was discarded and viral pellets were resuspended in 500 μl TE buffer at 

4 °C over night. Free DNA was treated with 5 μl DNase I (Invitrogen, Carlsbad, CA) at 37 

°C for 15 min and inactivated with 10 μl EDTA (0.25M) at 65 °C for 15 min. Viral capsids 

were lysed with 60 μl Proteinase K (Invitrogen, Carlsbad, CA) at 56°C for 15 min, viral 

DNA was extracted with Pure Link Viral RNA/DNA columns (Invitrogen, Carlsbad, CA) 

following the manufacturer’s instructions and eluted in UltraPure water (Invitrogen, 

Carlsbad, CA).  

 To ensure an equal amount of template in the PCR DNA was first quantified with a 

Qubit 2.0 using the dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA). Viral DNA 

polymerase gene (gp43) fragments of about 475 bp length were amplified by PCR using 

primers from Marston et al. (2013). For each sample 1-2 ng of template DNA were used 

in a two-step, large scale PCR with a total of 35 cycles. PCR conditions were an initial 

denaturing step at 94 °C for 3 min, denaturing at 94 °C for 45 s, annealing at 50 °C for 45 

s, extension at 72 °C for 45 s and a final extension at 72 °C for 10 min. Triplicates PCR 

products were pooled and run on a 0.8% Ultrapure LMP Agarose gel (Invitrogen, 

Carlsbad, CA). Bands in the appropriate size range around 475 bp were excised and the 

DNA was extracted with the Zymoclean Gel DNA Recovery Kit (Zymo, Irvine, CA) and 
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eluted in UltraPure water (Invitrogen, Carlsbad, CA). DNA products were quantified by 

Qubit, aliquoted and stored at -20 °C.  

 For library preparation, 500 ng of DNA product was used with the NxSeq Low DNA 

AmpFREE kit (Lucigen, Middleton, WI) following the manufacturer's protocol with 

NextFlex-96 sequencing adapters (Bioo, Austin, TX). Libraries were purified and size 

selected (~600 bp) with Agencourt AMPureXP beads (Beckman Coulter, Pasadena, CA) 

and eluted in low TE. Library construction was confirmed with a Bioanalyzer 2100 using 

High Sensitivity DNA Chips (Agilent, Santa Clara, CA). 

 

Sequencing 

For pooling, libraries were quantified by Q-PCR with SSoFast Eva Green Supermix 

(BioRad, Hercules, CA) and KAPA DNA Standard (KAPA Biosystems, Boston, MA) on a 

C10000 Touch PCR block with a CFX 96 head (BioRad, Hercules, CA), and pooled for 

equal template concentration. Libraries were sequenced in two rounds at the UCLA (Los 

Angeles, CA) and McGill (Montreal, QC) sequencing facilities using 2x300 HiSeq paired-

end technology (Illumina, San Diego, CA). 

 

Bioinformatic processing 

Sequences were trimmed using TRIMMOMATIC 0.33 (Bolger, Lohse and Usadel, 2014), 

applying a quality thread score of 30 and a minimum length of 36 nt. Paired reads were 

merged with USEARCH 8.1 (Edgar, 2010), translated with FragGeneScan 1.20 (Rho, 

Tang and Ye, 2010), cleaned up and size selected for a minimum length of 140 amino 

acids. Reads from all samples were pooled and dereplicated, and then clustered and 

chimera tested with USEARCH 8.1 at 97 % amino-acid identity.  Singletons were removed 

and OTUs were selected for cyanophage similarity using BLAST-P with a cut-off E-value 

of 10-3. Per sample, reads were parsed to representative OTUs with UPARSE 8.1 (Edgar, 

2013) at an amino-acid identity of 97 %.  

 A whole genome reference phylogeny was built from fully sequenced and 

annotated genomes of 19 cyanomyoviruses that were retrieved from NCBI. Genome 

accession numbers are S-SM1, NC_015282;  S-SM2, NC_015279; S-ShM2, NC_015281; 

S-SSM7, NC_015287; S-SSM5, NC_015289; S-PM2, NC_006820; S-RSM4,NC_013085; 
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Syn1, NC_015288; Syn9, NC_008296; Syn19, NC_015286; Syn33, NC_015285; P-HM1, 

NC_015280; P-HM2, NC_015284; P-SSM2, NC_006883; P-SSM7, NC_015290; P-

SSM4, NC_006884; P-RSM1, NC_021071; P-RSM4, NC_015283; P-TIM40, NC_028663. 

CDS were clustered with USEARCH 8.1 at a 50% amino-acid identity. Phylogenetic 

distances between genomes calculated based on the presence or absence of genes with 

the formula Dij=-ln(Sij/sqrt(Ni*Nj)), with Sij, Ni and Nj as the number of shared genes, 

number of genes in one genome and number of genes in the other genome, respectively 

(Yutin, Wolf and Koonin, 2014) and a Neighbor-Joining (NJ) tree was built in the ape 

package (Paradis, Claude and Strimmer, 2004) in R (R, 2015). Amino-acid sequences for 

gp43 were extracted from the genomes above and aligned in Clustal (Sievers et al., 2011), 

and a Maximum-Likelihood (ML) tree was built in RaxML 8.0.0. (Stamatakis, 2014) using 

the WAG substitution model, with the optimal substitution model selected in prottest-3.4 

(Darriba, Taboada and Posada, 2011). A Mantel Test to compare distance matrices based 

on gene presence/absence vs. gp43 was performed in the ade4 package (Dray and 

Dufour, 2007) using R. Identities of partial DNA polymerase sequences from reference 

viruses were determined in RaxML 8.0.0., their specificity to distances of full length 

sequences at different identity levels compared in R. Environmental OTUs were placed 

on the full length gp43 reference tree by the Evolutionary Placement Algorithm (EPA) in 

RaXML 8.0.0., and the phylogenetic tree was edited using iTOL v3.2.4 (Letunic and Bork, 

2016), clades were defined by eye.  

 

Statistical analyses 

Statistical analyses were performed in R. Scaling and principal component analysis (PCA) 

analysis of the environmental data was done using the FactoMineR package (Le, Josse 

and Husson, 2008). Parsed reads per sample were rarefied to the lowest read number of 

the samples and the VEGAN package (Oksanen et al., 2016) was used to determine 

diversity indices, and conduct the principal coordinate analysis (PCoA) and canonical 

correspondence analysis (CCA). Environmental classification and subsequent indicator 

species analysis were done in the IndecSpecies package (Caceres and Legendre, 2009). 
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4.4 Results 
Deriving similarity in gene content from gp43 sequences 

To assess how the phylogenetic analyses based on gp43 sequences reflect the overall 

gene content of T4-like cyanomyoviruses the gene content of 19 reference 

cyanomyoviruses was compared with CDSs being clustered at 50 %. This produced a 

Neighbor-Joining (NJ) phylogenetic tree with well supported branches based on gene 

content (Figure 4.1). In comparison, the tree displays a similar architecture to a Maximum-

Likelihood (ML) tree based on full-length DNA polymerase gene sequences (Figures 4.2). 

 A Mantel Test of the pair wise distances among reference viruses between the 

gene content and the DNA polymerase phylogeny proved significant congruency at 0.87 

(Table 4.1). Furthermore, when the pairwise phylogenetic distances of the full-length 

reference gp43 sequences were compared to distances determined from the fragments 

amplified by the PCR primers, the variation in full length gp43 phylogenetic distance 

approached zero when gp43 amplicons were clustered above a 95% amino-acid (aa) 

identity level (Figure 4.3). In a one-on-one comparison of reference virus amplicons the 

highest pairwise identity for these sequences was 96.4%. Accordingly, the environmental 

amplicons were clustered at 97% aa identity. 

 

Spatial and temporal variation in environmental reads and sampling conditions 

A total of 42 environmental samples were taken during 2010, 2011 and 2012. Of these, 

18 were in the Strait of Georgia and adjacent waters (SOG), 24 were taken in Saanich 

Inlet (SAA) over a 12-month period from the mixed surface layer (2-5 m) and at 10 m 

depth (Figure 4.4). The 18 samples from SOG were from 13 locations; seven were from 

open waters between Vancouver Island and the mainland, five were from inlets and one 

from Queen Charlotte Sound, off the northern tip of Vancouver Island. For the SOG 

samples six discrete samples were collected from the surface through the mixed layer to 

the subsurface chlorophyll maximum, and combined to provide an integrated sample, 

representative of the mixed layer; the bottom sampling depth varied from eight to 18 m. 

The 24 samples from SAA represent a seasonal cycle at two depths over one year. 
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Figure 4.1: NJ phylogeny of reference cynaomyoviruses based on gene content.  
Phylogenetic distance is based on the gene content, ORFs clustered at 50% aa identity. Bootstrap values 
over 50 % are shown. 

Figure 4.2: ML phylogeny of reference cynaomyoviruses based on gp43 sequences. 
Phylogenetic distance is based in the full length gp43 amino acid sequences. Bootstrap values above 50 % 
are shown, scale is the substitution rate. 
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Table 4.1: Pairwise phylogenetic distances of cyanomyoviruses. 
Phylogenetic distance is based on gene content and full length gp43. Congruence was tested with a Mantel Test. Numbers of CDS per virus used in 
the cluster analysis are shown along the diagonal in italics. 
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Figure 4.3: Variation in pairwise phylogenetic distance of gp43. 
The variance is for full length gp43 sequences at different % clustering thresholds of the gp43 amplicons. 
Based on 19 reference cyanomyoviruses. 
 

 The samples represent a range of environmental conditions (Supplementary table 

A2). Saanich Inlet is seasonally stratified, and partially separated from adjacent waters 

outside the inlet by an 80 m deep sill at its entrance. The mixed layer depth in SAA ranged 

from two to below 10 m with deeper mixing usually occurring in the fall and spring. The 

SOG samples ranged in salinity from 23 to 31 PSU; whereas in SAA the salinity remained 

around 28 PSU. Temperatures varied seasonally in SAA between 7 and 14 °C. 

Temperature (T) versus salinity (S) plots for SOG and SAA (Supplementary figures A2 

and A3), show that density differences among samples in SOG are mainly driven by 

salinity while in SAA it is a combination of salinity and temperature. For SAA, nutrient 

concentrations and viral and bacterial abundance data were only available for the 10 m 

samples. Picophytoplankton abundances measured by flow cytometry generally showed 

high abundances of Synechococcus spp. with some eukaryotes. 
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Figure 4.4: Sampling locations for the Strait of Georgia and Saanich Inlet. 
Samples were taken from 2010-2012 at several time points and depths Saanich Inlet samples (SAA; solid 
diamonds) or over an integrated depth for Strait of Georgia samples (SOG; solid circles). 
 

 The combined sequencing data resulted in 9.84 million unique reads after quality 

control and dereplication; subsequent clustering at 97% aa identity produced 12,200 gp43 

OTUs. A minimum cluster size of 500 reads resulted in 667 OTUs, representing 97% of 

all initial, unique reads. BLAST-P analysis revealed that 606 of the reads (90.9%) were 

associated with cyanophages. An EPA tree constructed by placing these OTUs on a 

maximum-likelihood reference tree of full length gp43 sequences revealed that most 

OTUs belonged to clades that were not represented by the reference sequences (Figure 

4.5). Overall, the tree produced 15 coherent clades, indicated as I-XV. 
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Figure 4.5: EPA phylogeny of 625 gp43 OTUs. 
A ML tree of full-length gp43 sequences from 19 viruses served as a reference tree and 606 OTUs at 97 % 
aa identity from environmental amplicons were mapped onto the reference tree. Reference sequences are 
labeled; each tip represents an OTU. Coherent clades are color coded and labeled in roman numerals; 
secluded OTUs are in black, the scale bar represents the substitution rate. 
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Spatial variation among samples from the Strait of Georgia (SOG) 

The 18 SOG samples covered a range of environmental conditions as shown in the PCA 

based on environmental variables (figure 4.6). Samples clustered into open straits, 

Johnstone Strait, Queen Charlotte Sound, Port Elizabeth, Discovery Passage and 

Campbell River, and sheltered inlet samples. The analysis also showed that samples from 

Narrows Inlet, Sechelt Inlet and Pendrell Sound, that were collected over multiple years 

did not necessarily cluster close together, indicating that the environmental conditions 

differed among years. The first and second dimensions of the PCA accounted for 70.88% 

and 11.68% of the variation, respectively. Variations were strongly driven by nutrients, 

salinity and temperature (figure 4.6b), with temperature and salinity offsetting each other.  
 

 

 
 

 
Figure 4.6: PCA of SOG samples based on environmental variables. 
Labels show sampling year and location: CA, Carrington Bay; CR, Campell River; DI, Discovery Passage; 
HO, Hotham Sound; JO, Johnstone Strait; LA, Lasqueti Island; NA (1,2), Narrows Inlet; PE, Pendrell Sound; 
PO, Port Elizabeth; SE, Sechelt Inlet; SI, Simoon Sound; Teak, Teakern Arm; QC, Queen Charlotte Sound. 
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Figure 4.6.b: Environmental factors of the PCA for SOG. 
Vector direction and length indicate the covariation and relative strength of environmental variables. Labels: 
Sal, salinity; Temp, temperature; Oxy, Oxygen; NO3, reduced nitrate and nitrite; PO4, phosphate; Si, 
silicate; VLP, viral abundance; Bac, bacterial abundance. 
 

 

 

 Rarefied community composition of the 625 OTUs for the 18 SOG samples showed 

that viral communities have dominant and persistent OTUs within phylogenetic groups 

and across the phylogenetic tree (Figure 4.7), samples are arranged in columns and OTUs 

are sorted in rows by clades derived from the phylogeny in figure 4.5. However, there 

were striking differences among the communities from Teakern Arm, Queen Charlotte 

Sound, Simoon Sound and Carrington Bay. Among the dominant OTUs for the SOG 

samples were those in the phylogenetic clades IV, V, VIII, XIV, XV. 
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Figure 4.7: Community composition of SOG samples. 
Communities were rarefied, heat indicates relative abundance. Samples are arranged in columns by year, 
OTUs are arranged in rows with clades indicated by color and number in correspondence to figure 5. Labels: 
CaBy, Carrington Bay; CaRi, Campell River; Disco, Discovery Passage; Hoth, Hotham Sound; John, 
Johnston Strait; LaIs, Lasqueti Island; Narr, Narrows Inlet; Pend, Pendrell Sound; PoEz, Port Elizabeth; 
Sech, Sechelt Inlet; SiSo, Simoon Sound; QCSo, Queen Charlotte Sound; numbers indicate the sampling 
year. 
 

 A PCoA of the SOG virus communities grouped samples into three main clusters 

(Figure 4.8). The 2012 samples cluster together regardless of where they were collected. 

Another cluster comprises samples from 2010 and 2011, from inlet and strait locations. 

The four samples that fall outside of the clusters are from Teakern Arm and Carrington 

Bay in the southeast and Queen Charlotte Sound and Simoon Sound in the north. What 

also stands out is that the community composition in Narrows Inlet varies over the 

sampling years 2010, 2011 and 2012. 

 Diversity also varies across samples, with Port Elizabeth having the lowest diversity 

estimate (2.27) and Queen Charlotte Sound the highest (4.98), beta diversity (Shannon) 

for SOG was 1.96. Species richness was lowest in Narrows Inlet in 2010 (142) and highest 

in Discovery Passage in 2012 (494) (Table 4.2). Across all samples, salinity had significant 

explanatory power over alpha diversity and species richness with R2 values of 0.2 and 0.3 

(Figure 4.09).  
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Figure 4.8: PCoA of SOG cyanomyovirus community composition. 
Labels show year and location: CaBy, Carrington Bay; CaRi, Campell River; Disco, Discovery Passage; 
Hoth, Hotham Sound; John, Johnston Strait; LaIs, Lasqueti Island; Narr, Narrows Inlet; Pend, Pendrell 
Sound; PoEz, Port Elizabeth; Sech, Sechelt Inlet; SiSo, Somoon Sound; QCSo, Queen Charlotte Sound. 
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Table 4.2: Diversity indices for SOG and SAA communities. 
Diversity is Shannon alpha diversity, richness is defined as species richness. SOG samples arranged by 
site, SAA by month for surface and 10 m samples. 
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Figure 4.9: Diversity and richness of SOG samples in relation to salinity. 
Diversity is Shannon alpha diversity, richness is species richness, linear regression shown, grey shading is 
the 95 % confidence interval, R2 and significance (p) are shown. 
 

 

 

Temporal variation among samples from Saanich Inlet (SAA) 

The 12 monthly samples from Saanich Inlet for 10 m covered all seasons for a year. A 

PCA analysis of the environmental variables showed clustering of samples by season 

(Figure 4.10). Samples from November to March and from June to September formed two 

clusters. The spread within and between clusters is driven by nutrients and temperature 

(Figure 4.10b). Additionally, samples from May 2011 and 2012 cluster away from the main 

clusters, apparently based on chlorophyll and oxygen. 

 Community composition over 12 months for the surface and 10 m samples shows 

that certain OTUs are dominant throughout the year (Figures 4.11 and 4.11b), samples 

are sorted in columns by month and OTUs are sorted in rows by clades derived from the 

phylogeny in figure 4.5. These dominant OTUs are from clusters throughout the 

phylogenetic tree, namely clades number IV, V, VIII, X, XI, XIV, XV.  
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Figure 4.10: PCA of SAA 10 m samples based on environmental variables. 
Labels indicate sampling month and year. 
 
 

 
Figure 4.10.b: Environmental factors of the PCA for SAA 10m. 
Vector direction and length indicate the covariation and relative strength of environmental variables. Labels: 
Sal, salinity; Temp, temperature; Oxy, Oxygen; NO3, reduced nitrate and nitrite; PO4, phosphate; Si, 
silicate; VLP, viral abundance; Bac, bacterial abundance. 
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Figure 4.11: Community composition of SAA samples. 
Samples from the surface layer, communities were rarefied, heat indicates relative abundance. Samples 
are arranged in columns by year, OTUs are arranged in rows with clades indicated by color and number in 
correspondence to figure 5, labels indicate sampling month and year. 
 

 

 
 
Figure 4.11.b: Community composition of SAA samples. 
Samples from 10 m depth, communities were rarefied, heat indicates relative abundance. Samples are 
arranged in columns by year, OTUs are arranged in rows with clades indicated by color and number in 
correspondence to figure 5, labels indicate sampling month and year. 
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 Comparison of community composition across months for the surface layer and 10 

m samples by PCoA revealed a seasonal pattern (Figures 4.12 and 4.12b). Communities 

from November to February cluster together; whereas, communities from March through 

September are more spread out. Generally, the surface layer communities (Figure 4.12) 

show more variation than communities from 10 m (Figure 4.12b). Diversity indices for the 

SAA surface layer samples ranged from 3.09 in August, to 4.61 in February, while species 

richness ranged from 256 in January, to 424 in March. At 10 m, the diversity ranged from 

3.80 in May, to 4.87 in December, and richness varied from 353 in March, to 498 in 

December (Table 4.2,). The beta diversity (Shannon) was 2.19 and 1.75 for the surface 

and 10 m samples.  
 

 
Figure 4.12: PCoA of SAA cyanomyovirus communities. 
Samples were from the surface layer, the PCoA is based in relative OTU abundances. Communities were 
rarefied, labels indicate sampling month and year. 
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Figure 4.12.b: PCoA of SAAcyanomyovirus communities. 
Samples from 10 m depth, the PCoA is based in relative OTU abundances. Communities were rarefied, 
labels indicate sampling month and year. 
 

Combined analysis and the effect of environmental variables 

In a wider approach data from SOG and the SAA 10 m samples, which have all the 

corresponding environmental data available, were combined for analysis. In comparison 

SOG samples show the largest range in diversity, followed by SAA surface layer and 10 

m samples (Figure 4.13). The beta diversity is highest in the surface layer samples from 

SAA (2.19), followed by SOG (1.96) and SAA 10 m (1.75). The range in species richness 

is highest in the SOG samples while the average richness is highest in SAA 10 m samples 

(Figure 4.14) Regression of the combined alpha diversity and species richness of SOG 

and SAA 10 m samples against environmental variables showed a strong relationship to 

salinity with significant R2 values of 0.38 and 0.39 (Figure 4.15).  
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Figure 4.13: Range of diversity for SOG, SAA surface and 10 m communities. 
Diversity is Shannon alpha diversity, overall beta diversity per subset is shown in the box. Whiskers indicate 
the range, box 50 % of data points with median. 
 

 

 
Figure 4.14: Range of richness for SOG, SAA surface and 10 m communities. 
Whiskers indicate the range, box 50 % of data points with median. 
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Figure 4.15: Diversity and richness of combined samples in relation to salinity. 
Diversity is Shannon alpha diversity and richness is species richness. Sample source is indicated, SOG 
(solid circles) and SAA 10 m (solid triangle), linear regression shown, grey shading is the 95 % confidence 
interval, R2 and significance (p) are shown. 
 
 Community composition data from SOG and 10 meters SAA samples (samples 

accompanied by all environmental data) were compared to each other based on pair-wise 

Bray-Curtis similarity. A subsequent PCoA analysis of the combined SOG and SAA 

communities showed a trend for clustering by source and that the SOG and SAA samples 

generally vary along two distinct trajectories (Figure 4.16). However, there is also overlap 

between communities from SOG and SAA, with Teakern Arm, Queen Charlotte Sound, 

Simoon Sound and Carrington Bay clustering with the SAA communities. 

 To identify how environmental variables are shaping the community composition, 

communities were compared for their similarity in community composition, covariation of 

OTUs and the effect of environmental variables. The combined data from SOG and SAA 

(10 m) was tested in a constrained correspondence analysis (Figure 4.17). Samples are 

scattered in two dimensions; dimension one (CCA1) described 9.99% of the community 

variation, 27.09% accumulated variation and dimension two (CCA2) described 5.76% of 

the community variation, 15.61% accumulated variation. Communities are loosely spread 
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out by SOG and SAA samples and by season, especially Port Elizabeth is distant to the 

other communities.  

The majority of OTUs cluster mainly in the center, with some OTUs grouping with 

the Saanich Inlet summer samples. The combined environmental variables accounted for 

36.9% of the constrained variation in a significant model (p=0.04). Salinity appears to be 

the strongest parameter, followed by temperature; both vary primarily along the first 

dimension, but in opposing directions. The nutrients co-vary primarily along the second 

dimension. A stepwise regression of the model revealed temperature, salinity and nitrate 

as significant model parameters (p=0.012, 0.018, 0.047) in influencing community 

composition. 

 To further investigate whether specific OTUs are crucial in defining communities 

an indicator species analysis was executed. Building on the results from the CCA, the 

combined samples were divided into three classes based on the strongest environmental 

variables, temperature, salinity and nitrate concentration. Environmental class 1, 2 and 3 

were predominantly characterized by high, medium and low mean nitrate concentrations, 

class 1 was relatively cold and saline while classes 2 and 3 were on average warmer and 

less saline. Each of the classes were about equally comprised of 10, 11 and 9 

communities. Samples in the first class are the winter samples from SAA and well mixed 

SOG samples. The second class is comprised of sheltered inlet samples from SOG and 

the third class includes the spring and summer samples from SAA plus Simoon Sound 

and Pendrell Island 2010. An indicator species analysis on the three classes assigned a 

total of 104 significant OTUs at a p=0.05 cut-off, and revealed a number of indicator 

species with a significant association to one of the classes (Table 4.3). Most indicator 

species were assigned to the 3rd class (80), only 6 and 18 were assigned to the 2nd and 

1st classes, respectively. 
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Figure 4.16: PCoA of combined SOG and SAA 10 m cyanomyovirus communities. 
PCoA based on Bray-Curtis similarity of the community composition. SOG labels: CaBy, Carrington Bay; 
CaRi, Campell River; Disco, Discovery Passage; Hoth, Hotham Sound; John, Johnstone Strait; LaIs, 
Lasqueti Island; Narr, Narrows Inlet; Pend, Pendrell Sound; PoEz, Port Elizabeth; Sech, Sechelt Inlet; SiSo, 
Simoon Sound; Teak, Teakern Arm; QCSo, Queen Charlotte Sound. SAA labels denote sampling month 
and year. 
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Figure 4.17: CCA of the combined SOG and SAA 10 m cyanomyovirus communities. 
SAA samples are shown as solid circles and SOG samples as solid triangles, OTUs are in grey heathers. 
The direction and strength of the constraining environmental variables are shown in red. SOG labels: CaBy, 
Carrington Bay; CaRi, Campell River; Disco, Discovery Passage; Hoth, Hotham Sound; John, Johnston 
Strait; LaIs, Lasqueti Island; Narr, Narrows Inlet; Pend, Pendrell Sound; PoEz, Port Elizabeth; Sech, Sechelt 
Inlet; SiSo, Somoon Sound; Teak, Teakern Arm; QCSo, Queen Charlotte Sound. SAA labels denote 
sampling month and year. 
 

 

 

 

 

 

 

 

 



 93 

Table 4.3: Cyanomyovirus indicator species analysis. 
Environmental classes one, two and three with the mean temperature, salinity and nitrate concentrations, 
and the class sample size and number of assigned OTUs per class. 
 

 

 

4.5 Discussion 
Phages infecting cyanobacteria influence marine ecosystems by affecting nutrient cycles, 

primary production and host diversity, but cyanophages also are susceptible to 

environmental variables throughout their replication. The marine environment is inherently 

variable, and subject to the long-term effects of climate change. This environmental 

variability, in turn, will interact with the genetic repertoire of the cyanophage ecotypes to 

influence their distribution and relative abundance. This study examines differences in 

cyanophage community composition across a range of environmental conditions. By 

linking the genetic repertoire of cyanophages to genetic distance in a marker gene, 

temporal and spatial changes in cyanophage community composition in the context of 

environmental conditions is explored. 

 

Deriving similarity in gene content from gp43 sequences 

Determining whether the genetic repertoire of cyanomyoviruses can be inferred from gp43 

sequences first required a phylogenetic distance analysis based on the presence and 

absence of genes. This is a powerful approach to compare genomes of closely related 

viruses, as was done for viruses infecting eukaryotic phytoplankton (Yutin, Wolf and 

Koonin, 2014; Legendre et al., 2015). A neighbor-joining tree of 19 reference 

cyanomyovirus genomes clearly separated viruses into distinct branches, and produced 

reasonable bootstrap support values that are comparable to those obtained for 

comparison of viruses infecting eukaryotic phytoplankton (Yutin, Wolf and Koonin, 2014; 
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Legendre et al., 2015) (Figure 4.1). Generally, the tree topology matched that of a 

phylogeny based on full-length gp43 sequences (Figure 4.2), the same viruses clustered 

together on branches or were isolated on both trees. This suggests that gp43 sequences 

reflect the gene content of cyanomyoviruses and is supported by the results from the 

Mantel Test, which showed a 0.87 congruence of pairwise phylogenetic distances based 

on genome content and full-length gp43 sequences (Table 4.1).  

 Given that the relative gene content of cyanomyoviruses can be inferred from gp43 

sequences, the next step was to determine how gp43 amplicon sequences can provided 

an accurate representation of full-length gp43 sequences. Therefore the variance in 

pairwise distances of full-length gp43 sequences was set in correlation to different identity 

levels of amplicon sequences. That the variance approached zero at an identity level 

above 95 % and a maximum identity of 96.4 % among references indicated that amplicon 

sequences clustered at an aa identity of 97 % are specific to full length sequences. An 

identity of 97 % is also commonly used for clustering 16S rRNA sequences into taxonomic 

groups in bacteria (Buttigieg et al. 2015). It is relatively stringent compared to the 90 % 

identity that was used to cluster prasinovirus gp43 sequences (Clerissi, Grimsley, Ogata, 

et al. 2014), but less stringent than the 99 % identity used for comparing gp43 sequences 

of myovirus isolates (Marston & Amrich 2009; Marston et al. 2013). This level of inferred 

amino-acid identity for gp43 amplicon sequences strikes a balance between sufficient 

specificity to full length sequences of genotypes and a risk of inflating diversity of 

environmental amplicons. With this approach, environmental gp43 amplicon sequences 

can be used as a proxy for the similarity gene content of cyanomyoviruses, and thus 

create meaningful OTUs.  

 With a robust method of inferring relative similarity in gene content from gp43 

amplicon sequence data, it was possible to investigate the diversity in natural 

cyanomyovirus communities and the presumed genetic repertoire. Clustering the 

combined environmental gp43 amplicon sequences from all samples at 97 % aa identity 

revealed 12,200 OTUs. While earlier studies have shown high phylogenetic diversity of 

myophages (Comeau and Krisch, 2008; Butina et al., 2010) these results have uncovered 

unprecedented depths in richness, relative to studies on cyanophages or myoviruses 

using phoH or gp23 amplicon sequences (Filée et al., 2005; Goldsmith, Parsons and 
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Beyene, 2015). However, only 667 (5.5 %) of the OTUs encompassed ~97 % of the initial 

sequences, showing the extreme unevenness of cyanomyovirus genotypes, and the 

overwhelming preponderance of rare taxa. A BLAST-P analysis positively identified a 

cyanophage as the top hit for 606 (90.9 %) of these 667 OTUs, with the rest presumably 

being other T4-like phages not infecting cyanobacteria. The data confirmed that gp43 is 

suitable as a marker gene for examining cyanomyovirus diversity when using the 

designated primers (Marston and Amrich, 2009). However, the sequence length of the 

amplicons is not sufficient to represent the large diversity of sequences in a well-supported 

maximum-likelihood tree. Therefore, an EPA phylogenic approach was adopted; in this 

method full-length gp43 sequences were used to construct a reference tree, on which the 

606 amplicon sequences were placed in a phylogenetic context (Figure 4.5). Given that 

gp43 sequences reflect the similarity in gene content of cyanomyviruses, the great 

richness depicted in the tree also implies substantial variation in their genetic repertoire. 

The clades associated with the 19 reference viruses are well represented by numerous 

environmental reads, but there are also many clades with no known isolates indicating a 

great genomic richness of cyanomyoviruses that remains to be studied.  

 

Environmental variables are defining the spatial and temporal samples 

The 42 samples in this study spanned a range of conditions found in temperate, coastal 

environments in which Synechococcus spp. and their phages would be expected to occur. 

PCA analyses for the environmental variables in the SOG samples shows that locations 

were spread along a gradient mainly driven by nutrient concentrations and salinity; 

whereas, the SAA samples were separated into summer and winter clusters, that were 

mainly defined by nutrient concentration and temperature. The SAA samples from May 

2011 and 2012 clustered separately and were linked to increased chlorophyll and oxygen 

concentrations associated with the spring bloom. The assessed environmental variables 

cover those that have been shown to influence virus host interactions (Mojica and 

Brussaard, 2014), excluding PAR because of its high daily variability. The flow cytometric 

signature does show cyanobacterial communities to be dominated by Synechococcus 

spp. throughout the samples, as was expected in these environments (Partensky, 

Blanchot and Vaulot, 1999; Scanlan and West, 2002). Considering the wide host range 
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documented for cyanomyoviruses (McDaniel, delaRosa and Paul, 2006; Hanson, Marston 

and Martiny, 2016), host variation is most likely not the sole driver of cynanomyovirus 

community composition. Overall, the link between nutrient availability and salinity and 

temperature indicate that the mixing regimes are what is ultimately defining these samples 

and have an effect on viruses directly or through the host.  

 

Dominant phylogenetic groups prevail across samples 

Examining the community composition across locations and seasons for SOG and SAA 

shows that some closely related OTUs were relatively abundant, widespread and 

persistent (Figures 4.7, 4.11, 4.11b). Other studies have reported that some phage taxa 

are widely distributed and commonly found over a range of samples (Wilson et al., 1999; 

Short and Suttle, 2005; Goldsmith et al., 2011). Recent studies on the dynamics of virus 

communities showed some genotypes to be persistent over time or consistently dominant 

(Chow and Fuhrman, 2012; Needham et al., 2013; Goldsmith, Parsons and Beyene, 

2015). It also is evident that communities show large differences across locations in SOG 

and more gradual shifts over seasons in SAA which could be based on contrasting 

environmental conditions and matches observations on cyanophage communities (Chow 

and Fuhrman, 2012; Marston et al., 2013). Another observed pattern especially in the 

SOG data is that there are alternating communities, with only one or the other community 

pattern possible. A detailed look furthermore shows a fine variation of OTUs within the 

dominant clades, similar to the fine scale diversification observed within clusters of 

cyanomyovirus isolates over time and space (Marston and Martiny, 2016). Given that 

different phylogenetic groups of phages dominate in the communities, a difference in host 

community would be one explanation. However, a flexible host range has been 

documented for cyanomyoviruses (Lu, Chen and Hodson, 2001; McDaniel, delaRosa and 

Paul, 2006; Hanson, Marston and Martiny, 2016), thus alternatively it is likely that differing 

gene content among cyanomyoviruses affects their distribution and the community 

composition.  
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Diversity indices show relationships to environmental variables 

One factor that may explain the observed pattern of distribution of the cyanophage 

communities and associated diversity indices is the mixing regime. Diversity is lowest in 

the sheltered, stratified, SOG Port Elizabeth sample (2.27) and during the stratified waters 

in the SAA August sample (3.09) and SAA May sample (3.80), for the surface and 10m 

samples respectively (Table 4.2). In contrast, the highest diversity is found in well-mixed 

SOG Queen Charlotte Sound sample (4.98) and for the well-mixed SAA samples in 

February (4.61) and December (4.87), for samples from the surface and 10 m 

respectively. This translates into a relationship between alpha diversity, richness and 

salinity of cyanomyovirus communities in the SOG samples and alpha diversity and 

salinity, temperature in the surface SAA samples (Figures 4.11, 4.15). 

 The comparison among subsets in the beta-diversity analysis shows that the 

surface samples in SAA, which are more exposed to seasonal changes and stratification 

than the 10 m samples, have the highest beta-diversity describing overall community 

variation (Figure 4.9). Especially in temperate environments, water-column mixing 

regimes that are related to season or weather, shape the prevailing conditions for 

plankton. The relationship of diversity and salinity even strengthens when SOG and SAA 

(10 m) samples are combined as it now describes the difference in environmental 

conditions on a geographical as well as a seasonal scale (Figure 4.16). While no 

relationship between diversity or richness and salinity has been shown for viruses to date, 

similar relationships between diversity or richness and salinity have been made for 

bacteria and phytoplankton. Estrada et al. (2004) showed an increase in phytoplankton 

and picoplankton diversity in a salinity range from 15-25 PSU, Herlemann et al. (2011) 

showed a slight increase in bacterial richness at salinities from 5-13 PSU. However, this 

relationship of bacterial diversity or richness to salinity was not confirmed by Campbell 

and Kirchman (2012) who found the highest diversity and richness of bacteria at low 

salinity. Another study only saw a very weak increase in bacterial richness at salinities 

above 15 PSU in lakes (Wang et al., 2011). The relationship of diversity and temperature 

in the SAA surface samples is weak, but a large scale study on bacteria in geothermal 

environments revealed such a relationship with high confidence, albeit at a wider 

temperature range and stable salinity (Sharp et al., 2014).  
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 Connell (1978) proposed that diversity is highest when disturbance is intermediate. 

To a certain degree this has been shown for phytoplankton communities in a lake, with 

high diversity being a transient state, occurring at times of relatively high mixing depths 

(Weithoff, Walz and Gaedke, 2001). Applying this concept to the here presented data 

means that environments with higher salinity and thus a more mixed water column 

promote a higher diversity in cyanomyovirus communities by exposing communities to 

more varying conditions. 

 

Differences in community composition correlate with environmental variables 

A comparison of communities from the SOG samples was examined by PCoA. Samples 

with similar community composition resolved into three main clusters (Figure 4.8) which 

were neither well described by geographic proximity or the type of environment, nor did 

they match the pattern of environmental conditions described in the PCA. The similarity 

of the Queen Charlotte Sound and Simoon Sound communities can be explained by their 

proximity and because they are both relatively cold and well mixed. However, Teakern 

Arm and Carrington Bay, which are environmentally similar to each other but very different 

than Queen Charlotte Sound and Simoon Sound, also clustered in that group. All samples 

from 2012 clustering together is also surprising since they span a range of environments 

from sheltered Sechelt and Narrows Inlets to the more exposed Strait of Georgia. 

Consequently, seasonal environmental conditions are more important than location in 

dictating cyanophage community composition. Also the samples from Narrows Inlet over 

three years are all substantially different in their community composition, which further 

indicates a strong environmental component. The strong shifts in community composition 

observed at some stations are consistent with earlier observations in B.C. coastal waters 

and geographically distant locations (Frederickson, Short and Suttle, 2003; Marston et al., 

2013). Nonetheless, the observed pattern of OTU distribution and community composition 

did not match that of environmental variables in the SOG data. 

 Comparing changes in community composition of the SAA surface and 10 m 

samples by PCoA was consistent with community composition following a seasonal 

pattern (Figures 4.14, 4.14b). A similar pattern was seen in the PCA of environmental 

variables, which suggests that the cyanophage communities follow a seasonal pattern 
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governed by environmental variables, in particular temperature, mixing regime and thus 

nutrient availability. Changes in the community composition in the surface samples are 

more pronounced than those from 10m, presumably due to a stronger exposure of the 

communities to seasonal changes. Similarly, at the Bermuda Atlantic Time-series Study 

site viral communities showed higher similarity between surface and 100 m samples in 

the well mixed winter than under stratified summer conditions (Goldsmith et al., 2015). 

Significant drivers were salinity and temperature and to a certain degree chlorophyll. The 

displayed seasonal pattern is similar to what Chow and Fuhrman (2012) showed for 

myovirus communities over a multi-year cycle, in which communities were similar when 

sampled 12 months apart and has also been reported for bacterioplankton (El-Swais et 

al. 2015). Defined, but gradual temporal shifts with seasonal re-occurrence of community 

composition (Marston et al. 2013) and community structures corresponding to seasons 

and the associated temperatures ( Wang & Chen 2004) have also been observed. 

However, other studies have found very pronounced changes in community composition 

with season (Sandaa and Larsen, 2006). 

 To understand larger patterns in the community composition samples from SOG 

and SAA 10 m were analyzed together. In a PCoA of the combined samples, SOG and 

SAA samples vary primarily along two distinct trajectories and the differences in 

community composition among locations appear to be stronger than those among 

seasons (Figure 4.17). Yet the four SOG communities Teakern Arm, Queen Charlotte 

Sound, Simoon Sound and Carrington Bay that cluster with the SAA communities show 

that under certain conditions, communities from geographically distant samples can be 

surprisingly similar. 

 To further identify key environmental variables associated with shifts in community 

composition, a canonical correspondence analysis (CCA) was performed on the 

combined SOG and SAA 10m data (Figure 4.18). Overall, it shows that 36% of the 

variation in community composition across all samples is explained by a combination of 

all environmental variables. This is a significant result; another large scale study found a 

weak correlation between environmental variables and cyanomyovirus community 

composition (Huang et al., 2015), but the study mainly focused on temperature. Another 

study on viral community composition assessed by metagenomics data showed that 
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sampling location, season and depth, and presumably the associated conditions, are 

strong predictors for viral community structure (Hurwitz et al., 2014). In the present study, 

temperature, salinity and nitrate were significant variables, which is in line with the 

aforementioned finding that salinity and temperature relate to diversity indices. A study on 

prasinovirus distribution in the Mediterranean Sea found a similar pattern, with phosphate 

being the strongest variable to explain viral community composition (Clerissi, Grimsley, 

Subirana, et al., 2014). Considering the relatively high requirements of viruses for nitrogen 

and phosphorus, and virions accumulating a substantial amount of the hosts nutrients 

(Jover et al., 2014), their impact on viral replication is intuitive. In the SOG and SAA 

samples nitrate and phosphate co-varied strongly; hence, nitrate might simply have 

stronger statistical power, and thus generally describes nutrient availability. Moreover, 

because temperature and salinity control stratification, this also affects nutrient availability. 

As well, in the CCA most OTUs are clustered near the center, differences in community 

composition are more related to the relative abundance of each OTU in a community than 

by their presence or absence, as suggested before (Rodriguez-Brito et al., 2010; 

Needham et al., 2013). Counterintuitively, biological variables (viral abundance, bacterial 

abundance and chlorophyll concentration) were not significant factors affecting diversity 

indices or community composition. Some studies have shown correlations between 

cyanophages diversity and viral or cellular abundances while others have not. One study 

found in a north-south transect in the Atlantic Ocean that cyanomyovirus diversity did not 

correlate to any environmental variable, but found a correlation to host diversity (Jameson 

et al., 2011). A similar correlation was found in the Red Sea where cyanophage 

abundance and diversity covaried with the abundance and diversity of the cyanobacteria 

(Mühling et al., 2005). Huang et al. (2015) found a correlation between cyanomyovirus 

communities and host communities based on reads recruited to isolates, but not with 

reads recruited to genotypes. Notably, for cyanopodoviruses, which appear to have a 

narrower host range, that relationship was strong in both cases. Another transect in the 

Atlantic Ocean found an impact of temperature and increased mixing on phytoplankton 

virus dynamics (Mojica et al., 2016). 

 Finally, an indicator species analysis was done to identify OTUs that are 

characteristic of specific environmental conditions (Table 4.3). Samples were divided into 
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three environmental classes based on salinity, temperature and nitrate, the strongest 

variables in the CCA. The first class represents well-mixed environments with high nutrient 

availability, the second and third classes represent gradually more stratified environments 

with lower nutrient availability. The distribution of indicator species to the three 

environmental classes shows that many phage OTUs were only associated with well-

mixed environments with high nutrient availability. The few OTUs which were strongly 

correlated to environment two and especially three suggest that some phages however 

are specifically associated with envronments of lower nutrient concentrations, suggesting 

they may have traits that allow them to compensate for low-nutrient availability. The 

association of the genetic repertoire of a cyanomyovirus to its relative abundance in 

communities under environmental conditions formulates the presence of viral ecotypes. 

This is in line with the recent definition of viral ecotypes for isolates (Marston and Martiny, 

2016). 

 This study showed that gp43 reflects the similarity in gene content between pairs 

of cyanomyoviruses. In this study gp43 sequences portrayed enormous genetic diversity 

in cyanomyoviruses. Yet, only a fraction of this diversity represented the large majority of 

phages in all samples, and only a few OTUs were dominant. 

 The data on gp43 diversity were combined with information on location, season 

and environmental conditions to infer their relative importance in defining cyanomyovirus 

community composition. Environmental conditions varied substantially among sampling 

times and locations. While location was related to community composition in some 

samples, the pattern was stronger among seasons. Variance in cyanomyovirus 

community richness, diversity and composition were tied to salinity, temperature and 

nitrate concentration. Salinity can directly affect phage infectivity (Kukkaro and Bamford, 

2009), but can also affect adsorption kinetics and influence the distribution of potential 

hosts. Given the range of environmental conditions sampled across this study, salinity is 

likely to be a descriptor for a complex combination of factors, including mixing and the 

associated availability of nutrients and light. This set of environmental variables appears 

to shape cyanomyovirus communities. Moreover, based on an indicator species analysis, 

some viral OTUs are associated with specific environmental conditions and, considering 

their representation of the genetic repertoire, thus describe viral ecotypes.  
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 The mixing regime of the water column as defined by salinity and temperature, and 

the associated nutrient availability, are significant predictors of cyanomyovirus community 

composition. However, there are likely many other factors including the resident viral seed 

bank and particle dispersal (Chow and Suttle, 2015).  

 In conclusion, interactions between cyanophages and their hosts can be influenced 

by a variety of environmental factors. In part, these interactions may be affected by the 

genetic repertoire encoded by viral ecotypes which differs substantially and has the 

potential to carry modes to cope with environmental adversaries. Consequently, 

environmental variables shape cyanomyovirus communities from the viral seed bank, but 

all the processes involved remain to be fully understood. This research establishes a link 

between a marker gene phylogeny and corresponding similarity in genetic repertoire. The 

resulting data furthers the understanding of how the community composition of 

cyanomyoviruses and their genetic repertoires vary over time and space and how 

communities respond to environmental variables. This understanding will enable better 

predictions about the response of viral communities under changing environmental 

conditions. 
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Chapter 5: Cyanomyovirus communities show variability in their 
replication 
 

5.1 Summary 
Infection of cyanobacteria by cyanophages can effectively terminate host blooms, a 

concept termed "killing the winner". In turn, the host-virus interaction is affected by 

environmental conditions at any stage of the replication cycle. Many of these 

environmental conditions can be transient, including mixing of the water column and light 

radiation. This could lead to equally transient viral communities emerging out of the viral 

"seed bank". 

 This project investigates how free viral communities (the putative seed bank) and 

viral communities in the cellular fraction (considered to be the actively replicating viruses) 

compare to each other under differing environmental conditions. The aim is to elucidate 

the response of virus host systems to environmental variables. The research was 

approached on an operational taxonomic unit level using DNA polymerase (gp43) as a 

marker gene, that also serves as a proxy for the genetic repertoire of viruses. The 

composition of free cyanomyovirus communities and cyanomyovirus communities in the 

cellular fraction were compared for several sites. 

 In comparison, the composition of free cyanomyovirus communities varied strongly 

across sampling sites while the communities in the cellular fraction showed a surprisingly 

high degree of similarity. Furthermore, corresponding free and cellular communities from 

the same site generally showed a high degree of dissimilarity. Environmental conditions 

covary with sites of high free-to-cellular dissimilarity, light and nutrients, and sites of low 

free-to-cellular dissimilarity, salinity and bacterial abundance. 

 The observations could be described by three scenarios, trans-regional 

synchronisation of infection, high degradation of free viruses, or stalled infections. While 

none of these scenarios fully explains the results, the observations of free-cellular 

community dissimilarity are robust and need to be explained. 
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5.2 Introduction 
At any given time, it is estimated that around 10 % of plankton cells in the ocean are 

infected by viruses, and about 20 % of the plankton biomass is lysed on a daily basis 

(Proctor and Fuhrman, 1990; Weinbauer, Brettar and Ho, 2003; Suttle, 2007). This lysis 

rate and the high abundance of viruses show the immense impact viruses have on marine 

ecosystems, nutrient cycles and plankton diversity. Considering that about half of the 

world's primary production is performed by marine phytoplankton (Field et al., 1998), the 

importance of marine viruses at a global scale cannot be overstated (Wilhelm and Suttle, 

1999; Mühling et al., 2005; DeLong et al., 2006; Weitz and Wilhelm, 2012). In addition to 

the sheer abundance of marine viruses and their ecological importance, they can have 

complex interactions with their hosts and be influenced by environmental variables.  

 Viral infection of phytoplankton can severely impact phytoplankton community 

composition. Experiments have shown the simultaneous infection of phytoplankton by 

viruses can lead to the termination of blooms and environmental studies show evidence 

for control of host community composition by cyanophages (Bratbak, Egge and Heldal, 

1993; Mühling et al., 2005). Furthermore, it was recognized that many viral genotypes are 

widely, even globally, present and that abundant genotypes which make up a large 

proportion of viral communities at a given time occur in response to host blooms (Breitbart 

and Rohwer, 2005). An early theory termed this dynamic “killing the winner”, suggesting 

that viruses respond to blooms of hosts, diminishing them and thus maintaining host 

diversity over time (Thingstad, 2000). Complementary to this, the stable viral resident 

community has been described as the “seed-bank population” from which transient 

communities emerge (Short, Rusanova and Short, 2011). 

 A range of studies have demonstrated that environmental factors influence host-

virus interactions, including initial infection, replication, burst size and duration of the 

replication cycle. Initial adsorption and infection of phytoplankton by viruses is affected by 

temperature, salinity and light radiation. High temperatures inactivate viruses infecting 

eukaryotic phytoplankton and bacterioplankton (Baudoux and Brussaard, 2005; Hardies 

et al., 2013). Adsorption of viruses to host cells is decreased by increased salinity for some 

phage systems, and is light-dependent for viruses infecting cyanobacteria of the genus 

Synechococcus (Kukkaro and Bamford, 2009; Jia et al., 2010). Furthermore, the duration 
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of the lytic cycle and viral production are affected by light regimes in phytoplankton virus 

systems (Brown, Campbell and Lawrence, 2007; Baudoux and Brussaard, 2008).  

 Viral production by eukaryotic phytoplankton is furthermore influenced by nutrient 

availability. For example, viral production was lowered under phosphate depletion and 

increased under phosphate addition (Bratbak et al., 1998; Jacquet et al., 2002; Maat et 

al., 2014; Motegi et al., 2015). A similar effect was seen for nitrate availability, but the 

effect was less pronounced (Bratbak et al., 1998; Jacquet et al., 2002). The effect of 

nutrient availability on viral production can be explained by the relatively high proportion 

of phosphorus and nitrogen in viral particles relative to carbon (Jover et al., 2014). 

 Viral decay is affected by UV radiation, with higher decay rates of viruses infecting 

heterotrophic bacteria, cyanobacteria, and eukaryotic phytoplankton under the higher 

radiation in the photic zone (Cottrell and Suttle, 1995a; Noble and Fuhrman, 1997; Garza 

and Suttle, 1998). The rate of the decay is also correlated to the GC content of viral 

genomes (Kellogg and Paul, 2002) and can be compensated for by photoreactivation 

(Wilhelm, Weinbauer, Suttle and Jeffrey, 1998; Wilhelm, Weinbauer, Suttle, Ralph, et al., 

1998). In addition to these factors influencing lytic viruses, the switch from a lysogenic to 

a lytic state can be prompted by increased temperatures, nutrient availability, and UV 

radiation (Williamson and Paul, 2006; Payet and Suttle, 2013).  

 Many environmental factors that affect host-virus interactions change rapidly 

including ocean mixing, weather patterns, and light, which could lead to transient viral 

populations emerging out of seed-bank populations. To a degree, this pattern has been 

shown in myovirus communities from varying environments (Filée et al., 2005; Comeau 

and Krisch, 2008). In contrast, other studies have shown persistence and gradual, long-

term variations in viral communities. For example, using the gp20 marker gene, the same 

myovirus genotypes were found in wide ranging environments including the Arctic and 

Pacific oceans, as well as in freshwaters (Short and Suttle, 2005). A high frequency 

sampling study of gp23 sequences also showed persistence of some genotypes over long 

periods (Needham et al., 2013), as well as gradual changes and recurring seasonal 

patterns (Goldsmith et al., 2011; Chow and Fuhrman, 2012; Goldsmith, Parsons and 

Beyene, 2015). Similarly, the gp43 marker gene revealed great diversity and recurring 
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seasonal patterns in myovirus communities infecting Synechococcus spp. (Marston et al., 

2013).  

 However, the aforementioned studies were all based on communities of free virus 

particles. Arguably, the composition of free virus communities represents the accumulated 

viruses that have been produced by past lytic events, perennial communities, and may 

not reflect the viruses that are momentarily replicating under the existing conditions. The 

viruses that are replicating at a specific moment, under specific conditions would be better 

represented by viruses in the cellular fraction, rather than the free virus fraction. 

 A good model to examine the dynamics between viruses in the free and cellular 

fractions are myoviruses infecting Synechococcus spp., an abundant and widely 

distributed marine phytoplankton genus (Liu et al., 1998; Scanlan and West, 2002). 

Members of the genus Synechococcus are found from the poles to the tropics and from 

coastal to oligotrophic oceanic environments, and show strong seasonal dynamics. 

Moreover, cyanomyoviruses have a diverse genetic repertoire including proteins for 

photosynthesis (PsbA/D, PebS, HliP), carbon metabolism (TalC) and phosphate stress 

(PhoH, PstS) (Mann et al., 2003; Lindell et al., 2005; Sullivan et al., 2005; Dammeyer et 

al., 2008; Thompson et al., 2011) that potentially confer fitness advantages under different 

environmental conditions. Furthermore, some of these genes are widely distributed 

among isolates while others are rare (Sullivan et al., 2005; Clokie, Millard and Mann, 2010; 

Puxty et al., 2014; Crummett et al., 2016), and some studies have linked gene content to 

the environmental conditions when the viruses were isolated (Williamson et al., 2008; 

Kelly et al., 2013; Crummett et al., 2016). Cyanomyoviruses also have wide host ranges 

(Lu, Chen and Hodson, 2001; McDaniel, delaRosa and Paul, 2006; Hanson, Marston and 

Martiny, 2016), reducing the impact of host community variations on the composition of 

virus communities. Cyanomyovirus phylogeny can be studied by DNA polymerase (gp43) 

which has been developed and used as a reliable marker gene (Marston and Amrich, 

2009; Marston et al., 2013). Additionally, an earlier project demonstrated that gp43 amino 

acid sequences are not only effective to describe cyanomyovirus communities, but also 

represent relative similarity in the gene content of viruses (Chapter 4 of this thesis). This 

is in line with the recent formulation of viral ecotypes (Marston and Martiny, 2016) and 

makes it possible to assess the replication dynamic of such ecotypes in the environment. 
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 This project investigates the composition of free and cellular cyanomyovirus 

communities under differing environmental conditions, with the assumption that the 

cellular communities reflect replicating viruses. This is done at the Operational Taxonomic 

Unit (OTU) level using gp43 as a marker gene. The goal is to assess the mismatch 

between free and cellular cyanomyovirus communities and to identify the environmental 

variables that influence the composition of the cellular and free cyanomyovirus 

communities. In turn, this elucidates how subsets of the viral community are drawn from 

the free community, the seed-bank, and provides insights into virus host dynamics and 

their response to environmental variables. 

 

5.3 Materials and methods 
Sampling 

Integrated samples from the surface throughout the mixed layer to the deep chlorophyll 

maximum (DCM) were taken at nine sites from contrasting environments in the Strait of 

Georgia in 2011. A total of 200 liters of water were sampled with Niskin bottles (General 

Oceanics, Miami, FL) and processed immediately. For the viral fraction, samples were 

pre-filtered through 47 mm GC50 and 0.45 µm HVLP filters (Millipore), concentrated by 

tangential flow filtration (TFF, Prep-Scale) with a 30 kDa cutoff (Merck Millipore, Billerica, 

MA) to 500 ml and stored at 4 °C until further use.  For the cellular fraction three to five 

liters of water from the cyanobacterial peak, as determined by flow cytometry (see below) 

within the mixed layer were filtered through 47 mm 0.45 µm HVLP filters (Millipore), flash 

frozen in liquid nitrogen and stored at -80 °C until processing.  

 

Environmental data collection and processing 

To determine sampling depths and sampling conditions, in situ profiles of temperature, 

salinity and depth were measured with a rosette-mounted CTD SBE 25 (Seabird 

Electronics, Inc., Bellevue, WA). In situ chlorophyll concentration was assessed with a 

fast-repetition-rate fluorometer (FRRF). Oxygen concentration was measured by a SBE 

43 (Seabird Electronics Inc., Bellevue, WA) oxygen sensor and photosynthetically active 

radiation (PAR) with a QSP-200PD sensor (Biospherical Instruments, San Diego, CA). 
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 Samples for nutrient analyses were filtered through 0.22 µm pore-size PVDF 

syringe filters and stored at -20 °C. Nitrate and nitrite, phosphate and silicate were 

analyzed by a Bran & Luebbe AutoAnalyzer3 (SPX-Flow, Norderstedt, Germany) using 

air-segmented continuous-flow analysis. Briefly, reduced nitrate and silicate were 

detected by a colorimeter at 550 nm (Armstrong, Stearns and Strickland, 1967) while 

reduced orthophosphate was read at 880 nm (Murphey and Riley, 1962). 
 Cyanobacterial, viral and heterotrophic bacterial abundance were measured using 

a Beckton Dickinson FACSCalibur flow cytometer with a 15 mW 488 nm air-cooled argon 

ion laser. If necessary, samples were diluted in TE buffer (pH 8.0) to reach 100 to 1000 

events s-1. While cyanobacterial measurements were performed onboard, samples for 

viruses and heterotrophic bacteria were fixed for 15 min. at 4 °C in the dark with electron-

microscopy-grade glutaraldehyde (25 %), final concentration 0.5 %, followed by snap-

freezing in liquid nitrogen and storage at -80 °C. Cyanobacteria were measured based on 

chlorophyll autofluorescence and discriminated from picoeukaryotes based on their 

phycoerythrin signal.  

 Viral and bacterial samples were thawed and diluted in 0.2 μm filtered, autoclaved 

TE 10:1 buffer pH 8.0 (10 mM-Tris HCl; 1 mM EDTA) and stained with SYBR Green I 

(Invitrogen, Carlsbad CA) at a final concentration of 0.5x10-4 of the commercial stock, 

incubated for 10 min at 80 °C for virual samples and for 15 min at room temperature for 

bacterial samples (Brussaard, 2004). Viruses and bacteria were discriminated by plotting 

green fluorescence against side scatter. Flow cytometry data were analyzed with 

CYTOWIN version 4.31 (Vaulot, 1989) and WEASEL version 3.3 (Battye, 2015). 

 

DNA extraction 

Viral DNA was extracted from 25 ml of viral concentrate. The sample was syringe filtered 

through 0.22-µm pore-size GV PVDF Millex filters (Merck Millipore, Billerica, MA) and 

centrifuged for 6 h at 120,000 g and 8 °C. After discarding the supernatant, viral pellets 

were resuspended in 500 µl 1xTE buffer at 4 °C overnight. To remove free DNA, the 

suspension was treated with 5 µl DNase I (Invitrogen, Carlsbad, CA) at 37 °C for 15 min, 

followed by inactivation with 10 µl EDTA (0.25 M) at 65 °C for 15 min. Viral capsids were 

lysed by adding 60 µl Proteinase K (Invitrogen, Carlsbad, CA) at 56 °C for 15 min, viral 
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DNA was extracted with Pure Link Viral RNA/DNA columns (Invitrogen, Carlsbad, CA) 

following the manufacturer's instructions. DNA was eluted in UltraPure water (Invitrogen, 

Carlsbad, CA).  

 DNA from the cellular fraction was extracted with the Power Water DNA Isolation 

Kit (MoBio, Carlsbad, CA) following the manufacturer's instructions. Briefly, frozen filters 

were cut in half under sterile conditions and half was processed by bead beating for 5 min 

in lysis buffer. The debris was separated by centrifugation and the cellular DNA in the 

supernatant was bound and washed in the proprietary column; DNA was eluted in 100 µl 

of elution buffer. 

 

Marker gene (gp43 & rpoC1) amplification 

Samples from the free viral fraction and the cellular fraction were treated identically in the 

following steps. Prior to PCR, DNA concentration in the eluent was quantified with a Qubit 

2.0 using the dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA). To assess cyanomyovirus 

communities, a fragment gp43 was amplified from viral and cellular fractions by PCR with 

the primers from Marston et al. (2013) producing amplicons of about 475 bp in length, in 

a two-step, large scale PCR with an accumulative 35 cycles based on 1-2 ng of template 

DNA. The PCR cycle consisted of an initial denaturing step at 94 °C for 3 min, denaturing 

at 94 °C for 45 s, annealing at 50 °C for 45 s, extension at 72 °C for 45 s and a final 

extension at 72 °C for 10 min. Triplicate PCR products were pooled and run on a 0.8 % 

Ultrapure LMP agarose gel (Invitrogen, Carlsbad, CA). DNA bands of the appropriate size 

were plugged and extracted with the Zymoclean Gel DNA Recovery Kit (Zymo, Irvine, 

CA). Purified DNA was eluted in UltraPure water (Invitrogen, Carlsbad, CA) and the DNA 

concentration quantified by Qubit; aliquots were stored at -20 °C. To estimate 

cyanobacterial diversity a section of the rpoC1 gene was amplified by PCR using the N5 

and C-terminal primers and PCR protocols previously published (Palenik and Haselkorn, 

1992; Mühling et al., 2006). 

 

Sequencing library preparation 

For library preparation, 500 ng of DNA was used with the NxSeq Low DNA AmpFREE kit 

(Lucigen, Middleton, WI) following the manufacturer's protocol with NextFlex-96 
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sequencing adapters (Bioo, Austin, TX). Purification and size selection of libraries was 

done with Agencourt AMPureXP beads (Beckman Coulter, Pasadena, CA), followed by 

elution in low TE. The success of library construction was confirmed with a Bioanalyzer 

2100 using High-Sensitivity DNA Chips (Agilent, Santa Clara, CA).  

 

Sequencing 

Libraries were quantified by Q-PCR with SSoFast Eva Green Supermix (BioRad, 

Hercules, CA) and KAPA DNA Standard (KAPA Biosystems, Boston, MA) on a C10000 

Touch PCR block with a CFX 96 head (BioRad, Hercules, CA). They were pooled for 

equal template concentration and sequenced in two rounds at UCLA (Los Angeles, CA) 

and McGill (Montreal, QC) using the 2x300 HiSeq paired-end technology (Illumina, San 

Diego, CA). 

 

Bioinformatic processing 

Sequences were trimmed to a quality thread score of 30 and a minimum length of 36 nt 

using TRIMMOMATIC 0.33 (Bolger, Lohse and Usadel, 2014). Paired, overlapping reads 

were merged with USEARCH 8.1 (Edgar, 2010) and translated with FragGeneScan 1.20 

(Rho, Tang and Ye, 2010). Cleaned and size-selected reads with a minimum length of 

140 amino acids were then de-replicated per sample with USEARCH 8.1 before being 

pooled. Pooled gp43 reads were again de-replicated, clustered for OTUs and tested for 

chimeras with USEARCH 8.1 at 97% amino-acid identity; singletons were removed. 

Representative OTUs were selected based on similarity to cyanophages using BLAST-P 

with a cut-off E-value of 10-3. A phylogeny was built by placing OTUs on a full-length DNA 

polymerase reference tree made with the Evolutionary Placement Algorithm (EPA) in 

RaXML 8.0.0. (Berger and Stamatakis, 2011; Stamatakis, 2014). Environmental reads per 

sample were parsed to the OTUs with UPARSE 8.1 (Edgar, 2013) at an amino-acid 

identity of 97 %.  

 Cyanobacterial reads (rpoC1) were de-replicated, chimera-checked and clustered 

in USEARCH 8.1 to define OTUs. OTUs were selected for cyanobacteria similarity using 

best hits in a BLAST-P analysis with a cut-off E-value of 10-3. Confirmed cyanobacterial 

OTUs were aligned with reference sequences using Clustal (Sievers et al., 2011) and 
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trimmed in trimAl v1.2 (Capella-Gutiérrez, Silla-Martínez and Gabaldón, 2009). The 

optimal substitution model for the aligned reads was selected in prottest-3.4 (Darriba, 

Taboada and Posada, 2011) and the maximum-likelihood tree was built in RaxML version 

8.0.0. (Stamatakis, 2014) using the VT substitution model, including partial rpoC1 

sequences from reference Synechococcus and Prochlorococcus spp. 

 

Statistical analyses 

Environmental variables associated with the samples were scaled and examined by PCA 

using the FactoMineR package (Le, Josse and Husson, 2008). Community compositions 

were rarefied to the lowest total read number using VEGAN (Oksanen et al., 2016). 

Diversity indices, Bray-Curtis similarities and the correspondence analysis (CA) were also 

computed in VEGAN. All statistical analyses were performed in R (R, 2015). 

 

 

 

5.4 Results 
Variability of sampling sites and samples 

To compare free and cellular cyanomyovirus communities, nine samples were taken in 

the Strait of Georgia during a one-week cruise in 2011. Samples were taken from the 

mixed surface layer, extending to the DCM at locations with contrasting environmental 

conditions (Figure 5.1). The maximum sampling depth and the corresponding DCM 

ranged from 8 m to 18 m in the sheltered Simoon Sound and the well-mixed Johnstone 

Strait, respectively. These samples also correspond to the minimum and maximum 

nutrient concentrations in the samples.  
 Similarity and difference among the environmental conditions at the sample sites 

are described by PCA (Figure 5.2), the first and second dimensions account for 64.49 % 

(Dim 1) and 19.12 % (Dim 2) of the variation, respectively. Stations are spread out along 

the first dimension from inlets to more exposed stations. Johnstone Strait presents very 

different conditions than the other stations. Differences are mainly driven by nutrient 

concentrations, salinity and temperature and their co-variation with viral and bacterial 

abundances (Figure 5.2b).  
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 Flow cytometry showed that the picophytoplankton communities were generally 

dominated by Synechococcus spp. cells (Figure 5.3). Abundances of eukaryote 

picophytoplankton and Synechococcus cells ranged from 9.18x102 to 1.59x104 and from 

4.89x102 to 2.31x105 cells ml-1, respectively (Figure 5.4). Viral and bacterial abundances 

ranged from 5.42x106 to 6.86x107 and from 5.35x105 to 2.13x106 ml-1, respectively and 

are generally higher than picophytoplankton abundances. Cyanobacterial diversity across 

all samples based on rpoC1 sequences resolved 25 distinct OTUs, most of which branch 

off in proximity to reference sequences on a ML tree (Figure 5.5). However, the tree also 

shows two deep-branching clades made up solely of environmental sequences.  

 

 

 

 
Figure 5.1: Sampling locations in the Strait of Georgia and adjacent waters. 
Samples were taken in the Strait of Georgia and adjacent waters during a one-week research cruise in 
2011. 
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Figure 5.2: PCA of the samples based on environmental variables. 
Distance indicates their similarity in environmental conditions. Labels: CA, Carrington Bay; JO, Johnstone 
Strait; NA, Narrows Inlet; PE, Pendrell Sound; PO, Port Elizabeth; SE, Sechelt Inlet; SI, Simoon Sound; TE, 
Teakern Arm; QC, Queen Charlotte Sound. 
 

 
Figure 5.2.b: Environmental factors of the PCA. 
Vector direction and length indicate the covariation and relative strength of environmental variables. Labels: 
Sal, salinity; Temp, temperature; Oxy, Oxygen; NO3, reduced nitrate and nitrite; PO4, phosphate; Si, 
silicate; VLP, viral abundance; Bac, bacterial abundance. 
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Figure 5.3: Flow cytometry scatter plot of phytoplankton. 
Characteristic plot of sample measuring phytoplankton composition and abundance. Excited with a 488 nm 
argon laser, FL-2 orange fluorescence (phycoerythrin), FL-3 red fluorescence (chlorophyll). 
 

 
Figure 5.4: Plankton counts by flow cytometry. 
Abundances of viruses, heterotrophic bacteria, cyanobacteria (Synechococcus) and picoeukaryote 
phytoplankton in the samples. Counts are averages of replicates, error bars show the standard deviation. 
Labels: CarrBay, Carrington Bay; Johnstone, Johnstone Strait; Narrows, Narrows Inlet; Pendrell, Pendrell 
Sound; PortEz, Port Elizabeth; Sechelt, Sechelt Inlet; SiSound, Simoon Sound; QCSound, Queen Charlotte 
Sound; Syn, Synechococcus; Pico, Picoeukaryotes,; Bac, Bacteria; VLP, Virus like particles. 
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Figure 5.5: ML phylogeny of cyanobacteria OTUs based on rpoC1. 
Phylogenetic tree of partial rpoC1 sequences from environmental cyanobacterial reads and reference 
sequences. Reference sequences are highlighted in purple, novel clades with no known reference are 
highlighted in green. Scale bar represents the substitution rate. 
 

 

 

Free and cellular cyanomyovirus communities vary in composition and diversity 

To compare free and cellular cyanomyovirus communities, environmental sequences 

were recruited to 625 OTUs, the 606 most abundant environmental OTUs and 19 

reference sequences. These OTUs were derived from a larger pool of 12,200 OTUs, but 

represent 97% of the initial sequences (Chapter 4). The phylogenetic relationship of the 

OTUs was described by a EPA tree based on 97 % aa identity (Chapter 4, Figure 4.5). 
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The community compositions show that certain clades are dominant across samples from 

different geographical locations, but there is also shifts of dominant OTUs within the 

clades (Figure 5.6). Dominant clades across locations for free communities (A) and 

cellular communities (B) are I, IV, V, VIII, X and XIV. Furthermore, the dominant and 

abundant OTUs in the cellular samples are often differing from their free counterparts. 

 In order to assess how large a fraction of the free communities is actively 

replicating, diversity indices of free and cellular communities were compared. Diversity 

indices of the free and the cellular communities showed a wider range of alpha-diversities 

for the free communities, from 2.28 to 4.98, compared to 3.73 to 4.14 in the cellular fraction 

(Figure 5.7). Yet, the overall beta-diversity (Shannon) proved to be slightly higher in the 

cellular fraction (2.02) than in the free communities (1.82). Similarly, the range in species 

richness was larger in the free communities, 193 to 484, than in the cellular fraction, 273 

to 357 (Figure 5.8). The discrepancy in alpha diversity between free and cellular 

communities was most pronounced in Narrows Inlet, Sechelt Inlet, Johnstone Strait and 

Port Elizabeth (Table 5.1).  

 A pair-wise Bray-Curtis similarity analysis of free and cellular cyanomyovirus 

communities was performed to identify samples of high similarity and dissimilarity. Bray-

Curtis similarity values range from the most similar at 0.16 (cellular Sechelt Inlet vs. 

Narrows Inlet) to the most dissimilar at 0.95 (Port Elizabeth cellular vs. free). The results 

showed that cellular communities are more similar (green) to each other than are the free 

communities (Figure 5.9). This especially showed for Carrington Bay, where the free 

community is very different from most other free communities. What also stands out is 

that the distances between the corresponding free and cellular communities from the 

same samples (diagonal cells) are relatively different, especially Narrows Inlet, Sechelt 

Inlet, Pendrell Sound, Johnstone Strait and Port Elizabeth. 
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Figure 5.6: Community composition of free and cellular samples. 
Samples from the free virus communities (A) and virus communities in the cellular fraction (B), communities 
are rarefied, heat indicates relative abundance. Samples are arranged in columns by year, OTUs are 
arranged in rows with clades indicated by color and number in correspondence to figure 5, labels indicate 
sampling month and year. 
 

 

 

 

Table 5.1: Diversity indices for free and cellular communities. 
Assessed per sampling site for cyanomyovirus communities in the free fraction and the cellular fraction, 
diversity is Shannon alpha diversity, richness is species richness. 
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Figure 5.7: Range of diversity for free and cellular cyanomyovirus communities. 
Diversity is the Shannon alpha diversity assessed over nine samples each; numbers in boxes are Shannon 
beta diversities for the free vs. cellular subsets. Whiskers indicate the range, box 50 % of data points with 
median. 
 

 

 

Figure 5.8: Range of richness for free and cellular cyanomyovirus communities. 
Richness is defined as species richness and assessed over nine samples each. Whiskers indicate the 
range, box 50 % of data points with median. 
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 To compare all communities with each other, a correspondence analysis was 

performed. The first dimension in the correspondence analysis (CA1) explains 16.4 % of 

variation and the second dimension (CA2) accounts for 15.2 %. The results showed that 

the free communities generally form two distinct clusters and vary strongly in the first and 

second dimension (Figure 5.10). In contrast, the cellular communities show high similarity 

and mainly vary in the second dimension. Also, the cellular communities appear more 

similar to each other than to their corresponding free communities. The free community 

for Carrington Bay is very distant from the other free communities, with its cellular 

equivalent being the most similar. Overall only the free and cellular communities for 

Teakern Arm clustered closely together, showing high similarity. The individual OTUs 

shown as solid grey circles are mainly concentrated around the cluster of cellular 

communities, but some OTUs show an abundance pattern characteristic for the cluster of 

free communities and for Carrington Bay. 

 Next, a canonical correspondence analysis with fitted environmental data was 

performed to identify variables that covary with sites that show high and low dissimilarities 

between their free and cellular cyanomyovirus communities. Therefore, the ratios between 

relative free abundance and relative cellular abundance at the OTU level were compared 

per site in a correspondence analysis (Figure 5.11). Sites are placed based on the 

mismatch between relative OTU abundances in the free and cellular community 

compositions. The first dimension (CA1) and the second dimension (CA2) explain 19.0 

and 18.1 % of the variance, respectively. Narrrows Inlet, Sechelt Inlet, Pendrell Sound, 

Johnstone Strait and Port Elizabeth cluster together, showing a similar degree of 

mismatch between their free and cellular communities. Queen Charlotte Sound, Simoon 

Sound and Teakern Arm form a second cluster, while Carrington Bay is again separate to 

the other sites. The individual OTUs are mainly spread out between the two 

aforementioned clusters of sites, while some are clustered around Carrington Bay. 

Covariation of environmental variables to the sites are indicated by vectors based on fitted 

data. Vectors were scaled by the strength of their determination coefficient (R2). Hence 

the direction and length of the vectors indicate the covariation of environmental variables 

with sites and the strength of the covariation. The vectors describe three axes, PAR 

extends towards the first cluster of sites, Narrrows Inlet, Sechelt Inlet, Pendrell Sound, 
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Johnston Strait and Port Elizabeth, while virus abundance, bacterial abundance, 

chlorophyll, oxygen, temperature and salinity extend towards the second cluster. The 

nutrients follow a separate axis. The environmental variables with the strongest 

covariation to sites proved to be bacterial abundance (0.28), salinity (0.26), PAR (0.26) 

and silicate (0.5). However, all these relationships have low significance values.  

 

 

 

 
Figure 5.9: Pairwise Bray-Curtis similarities of free and cellular cyanomyovirus communities. 
Free communities top-right and cellular communities bottom-left. Diagonal cells are pairwise free vs. cellular 
communities of the same site. Green indicates relatively high similarity, red relatively high dissimilarity. 
Labels: CarrBay, Carrington Bay; Johnstone, Johnstone Strait; Narrows, Narrows Inlet; Pendrell, Pendrell 
Sound; PortEz, Port Elizabeth; Sechelt, Sechelt Inlet; Si Sound, Simoon Sound; Teakern, Teakern Arm; 
QCSound, Queen Charlotte Sound. 
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Figure 5.10: CA of free and cellular cyanomyovirus communities. 
Distance indicates community similarity, characteristic distribution of OTUs to communities shown. Free 
communities in blue, cellular communities in red, OTUs as solid grey circles. Labels: CA, Carrington Bay; 
JO, Johnstone Strait; NA, Narrows Inlet; PE, Pendrell Sound; PO, Port Elizabeth; SE, Sechelt Inlet; SI, 
Simoon Sound; TE, Teakern Arm; QC, Queen Charlotte Sound. 
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Figure 5.11: CCA of the OTU ratios of free to cellular cyanomyovirus communities. 
OUT ratios were assessed per site with characteristic OTU distribution shown (solid grey circles). 
Environmental variables were fitted to the ratio data and scaled by the strength of covariation. Arrow 
direction and length describe the covariation of an environmental variable with a site and the strength of 
covariation. Labels: CarrBay, Carrington Bay; Johnstone, Johnstone Strait; Narrows, Narrows Inlet; 
Pendrell, Pendrell Sound; Port Eliz, Port Elizabeth; Sechelt, Sechelt Inlet; SiSound, Simoon Sound; 
Teakern, Teakern Arm; QCSound, Queen Charlotte Sound; Sal, salinity; Temp, temperature; Oxy, oxygen; 
Chl, chlorophyll; PAR, photosynthetically active radiation; NO3, nitrate; PO4, phosphate; Si, silicate; VLP, 
viral particle abundance; Bac, bacterial abundance. 
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5.5 Discussion 
Cyanomyoviruses and their hosts exist under a range of environmental conditions that 

influence viral infectivity, replication and degradation rates. However, the interplay 

between environmental variables and which genotypes within the viral seed bank infect 

and replicate within host cells is unknown. This study demonstrates that, in general, viral 

communities in the cellular fraction are distinct from free communities in the water, and 

that the similarity among cellular communities across locations can be greater than 

between corresponding cellular and free communities at the same location. This implies 

that there is widespread similarity across locations in terms of which viruses from the seed 

bank actively replicate within the cellular communities. Hypothetically, this could be 

caused by wide reaching regional factors selecting on viral infection or variable levels of 

degradation of viral particles. These findings and their implications are discussed in detail 

below.  

 

Variability of sampling sites and samples 

The sites sampled in this study spanned a variety of environments including sheltered 

inlets, sounds, and open straits and coastal areas with a range of mixed-layer depths 

(Figure 5.1). The differences in environmental conditions among locations are reflected 

by the PCA analysis (Figure 5.2), which emphasizes that deeply mixed Johnstone Strait 

differs from other locations because of the associated high salinity and nutrient 

concentrations in the surface layer. The other well-mixed sites, Queen Charlotte Sound 

and Carrington Bay, cluster nearest to Johnstone Strait. In contrast, Narrows Inlet, Sechelt 

Inlet, Pendrell Sound, Teakern Arm and Simoon Sound, which are more stratified, are 

characterized by lower salinities and nutrient concentrations (Figure 5.2b). Port Elizabeth, 

with its low salinity, high nutrient concentrations and low surface temperature is likely 

affected by the high freshwater outflow from the glaciers at the head of Knight Inlet.  

 Despite the wide range of environmental conditions sampled, cells with a 

fluorescence signature consistent with Synechococcus spp. dominated the 

picophytoplankton in flow cytometry counts (Figures 5.3 and 5.4). The overall low number 

of distinct OTUs based on rpoC1 sequences indicates relatively low richness in the host-

cell communities across samples (Figure 5.5). This matches the findings of a study on 
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Synechococcus communities over an annual cycle, which showed overall only 40 

Synechococcus types and a low diversity and variability across samples (Mühling et al., 

2006). Most sequences clustered closely to reference sequences from isolates of 

Synechococcus spp., consistent with members of this genus being the predominant 

cyanobacteria in the sampling area. The one reference sequence belonging to an isolate 

of Prochlorococcus spp. (P. marinus) had no environmental match, but members of this 

genus would not be expected to occur in the temperature range of the sampling locations. 

The distant OTUs on the protruding branches also proved to be cyanobacteria, but given 

their phylogenetic distance they potentially are of fresh water origin. 
 

Cyanomyovirus community composition and diversity indices 

The community composition of cyanomyoviruses was assessed based on 606 

environmental OTUs which, based on 97 % aa identity, captured ~97 % of the 9.84 million 

initial sequences (Chapter 4). All these OTUs showed high similarity to cyanomyoviruses 

by BLAST-P analysis, and their phylogenetic relationship serves as a proxy of similarity 

in genetic content. Furthermore, it is assumed that viruses in the cellular fraction represent 

replicating viruses, while free viruses represent a seed bank of viruses from past lytic 

events and dispersal that serves as a reservoir from which new infections emerge. This 

enables one to compare viral communities in the free and cellular fractions, allowing to 

deduce the interplay of viral genetic repertoires and environmental variables. 

 The composition of the free and cellular virus communities reveals dominant sets 

of phylogenetic clusters of OTUs within the free fraction and within the cellular fraction 

that persist across many samples (Figure 5.6). Moreover, there are alternative sets of 

OTUs that define other samples. In light of the correlation between phylogenetic distance 

between pairs of cyanomyoviruses assessed by DNApol and their similarity in gene 

content, which was established in chapter 4, viruses with different gene content seem to 

prevail in different environments. The consistency of these patterns suggests that there 

are specific selection pressures that dictate which virus OTUs dominate.  

 The ranges in diversity and species richness are larger in the free communities 

than in the cellular communities, indicating a higher degree of community variation among 

free communities. Yet the mean diversity and beta-diversity (Shannon) are only slightly 
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higher in the combined cellular communities (Figure 5.7). Most samples showed a 

discrepancy in diversity and richness between free and cellular communities. That the free 

communities show more variability in their diversity and richness than the cellular 

communities seems counterintuitive when considering that the replicating communities 

arise out of the dormant free communities and indicates a strong impact of environmental 

factors on viral communities. 

 

Comparison of community compositions and processes driving them 

In pairwise Bray-Curtis similarity analyses of the community compositions, cellular 

communities showed higher coherence than free viral communities (Figure 5.9). As well, 

the corresponding free and cellular communities at each site are dissimilar. This is also 

evident by comparing the pairwise similarities of the communities by CA (Figure 5.10), 

which shows the high similarity among the cellular fraction and the wide scatter among 

the free virus communities. Together these results suggest a strong and wide-reaching 

selection factor that influences which viruses replicate. However, among the free 

communities there are clusters of similar groups. For example, the free viral communities 

in Narrows Inlet, Sechelt Inlet, Pendrell Sound, Johnstone Strait and Port Elizabeth show 

a relatively high degree of similarity, even though the environmental conditions in 

Johnstone Strait and Port Elizabeth are very different from those at the other locations. 

The dissimilarities between most corresponding free and cellular communities, except for 

Teakern Arm, are striking. 

 To understand the underlying processes, the dissimilarity between the 

corresponding free and cellular communities was assessed by examining the ratio in the 

relative abundances of each OTU in the free and cellular fractions in a CA with fitted 

environmental variables (Figure 5.11). The sites with the highest dissimilarity are grouped 

together, and are also the ones with the highest discrepancy in alpha diversity. In contrast, 

Queen Charlotte Sound, Simoon Sound and Teakern Arm were in another cluster, and 

have more similar free and cellular communities. These also are the sites that displayed 

a higher alpha diversity in the free communities than in the cellular communities. 

Interestingly, PAR and nutrient concentrations covary with the sites that have dissimilar 

cellular and free communities, while salinity and bacterial abundance covary with sites 
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that show higher similarities. However, the covariation of environmental variables only is 

a tentative observation due to the low sample size. 

 Intuitively, one would expect that viruses that are abundant in the cellular fraction 

would be well represented in the free viral fraction, primarily because lysis would be 

expected to produce the same viruses that dominate the cellular fraction. The mismatch 

in diversity and composition between the free and cellular communities at several 

locations suggests regional effects that select for a subset of the free viral community to 

replicate. The observation that similar phylogenetic clusters of viruses occur in the cellular 

fraction across substantially different environments, while they mismatch the 

corresponding free communities is puzzling.  

 Regional effects could include the composition of the host community and 

environmental effects such as nutrients or light. The effects would need to cause 

synchrony across locations in terms of which viruses from the seed bank of free viruses 

infect and lyse the host community. This would represent a wide ranging selection 

pressure for viruses adapted to specific conditions, mirroring the concept of viral ecotypes 

(Marston and Martiny, 2016). Alternatively, viruses that dominate the cellular fraction are 

very unstable once released, degrading below the detection limit. Bratbak et al. (1996) 

measured viral turn over rates of just 10 to 20 min and associated it to synchronized lysis 

and fast degradation. As a third explanation, viral replication is stalled and particles are 

not released at all, resembling a form of pseudolysogeny as it has been reported for T4 

phage of Escherichia coli (Los, Wegrzyn and Neubauer, 2003). 

 As discussed before, several environmental variables can affect viral production 

and thus shape communities. Light radiation can influence cyanophage infection 

dynamics in several ways, and hence could potentially play a role in the observations. For 

example, cyanophage adsorption to host cells is light dependent (Cseke and Farkas, 

1979; Jia et al., 2010) as is completion of the lytic cycle (Suttle and Chen, 1992; Kao et 

al., 2005). Light may also interact with common AMGs in cyanomyoviruses (Crummett et 

al., 2016), boosting photosynthesis and viral production (Mann et al., 2003; Lindell et al., 

2005; Hellweger, 2009). Furthermore, light radiation causes rapid decay of free viral 

particles (Suttle and Chen, 1992; Garza and Suttle, 1998; Weinbauer et al., 1999; Wilhelm 

et al., 2003). Alternatively, while cyanomyoviruses do demonstrate wide host ranges (Lu, 
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Chen and Hodson, 2001; McDaniel, delaRosa and Paul, 2006; Hanson, Marston and 

Martiny, 2016) and overall the host community shows little variability, the replication 

efficiency might vary among different hosts in the environment and could be part of the 

explanation. 

 There were two notable findings in this study. The composition of the free and 

cellular viral communities was highly variable, varying across the sampling locations and 

environmental conditions. In most cases the community in the cellular fraction, which 

should represent the actively replicating viruses, was substantially different from the 

corresponding free community, the putative seed bank. The observations suggest three 

possible scenarios. First, the observation implies synchrony across locations in terms of 

which members of the free viral community are infecting and replicating in the cellular 

fraction, indicating a regional effect on which viruses are infecting and replicating in the 

host communities. It also suggests that similar host communities are in place in the 

different environments, a conclusion that is supported by the data. Second, either the 

infection must be so well synchronized across the broad range of environments sampled 

that the cellular viruses have yet to populate the free-virus community, or the cellular 

viruses are very unstable once released. Alternatively, the viruses may remain in the 

cellular fraction and are not released at all.  

 It should be emphasized that for each location the cellular fraction was sampled 

from the depth of maximal Synechococcus abundance, while the free fraction was 

integrated over several depths in the mixed layer. This was done to ensure that the free 

fraction represents the stable, long term cyanomyovirus community and the cellular 

fraction represents the actively replicating cyanomyoviruses under specific conditions. 

There is no reason that the difference in the sampling approach for the cellular and free 

fraction should lead to the observed higher similarity among cyanomyovirus communities 

from the cellular fraction than among cyanomyovirus communities from the free fraction 

across locations. 

 None of the described scenarios seem very plausible; yet, the observations of 

similar viruses in the cellular fraction across locations, and typically low similarity with the 

associated free virus fraction is robust, and needs to be explained. 
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Chapter 6:  Conclusion 
 

6.1 Summary 
This thesis investigated the variability of the genetic content of viruses and how 

environmental variables covary and potentially impact viral community compositions and 

viral abundance. The results show that viral abundance and community composition are 

affected by temperature, salinity and nutrient availability. Prasinoviruses and 

cyanomyoviruses show a high degree of variability in their genetic content which also is 

reflected by their diversity in the environment. The research was conducted in four projects 

corresponding to four chapters. The findings and their implications are discussed in detail 

below. 

Chapter 2 studied the effect of environmental variables on the relationship between 

viral and bacterial abundance, and how this differs among environments. Viral abundance 

was measured as total indiscriminate abundance of DNA viruses, which was partly due to 

methodological constraints. Viral and bacterial abundances showed a strong relationship, 

as has been shown in other studies, but the explanatory power of environmental variables 

matched that of bacterial abundance when multivariate models were used. Furthermore, 

environmental variables drastically improved the explanatory power of bacterial 

abundance data when they were included in multivariate models. The findings indicate 

that environmental variables such as water temperature, salinity and nutrient accessibility 

influence virus-host dynamics and thus affect total viral abundance. The set of variables 

significantly related to viral abundance do, however, differ among environments. In 

conclusion, environmental variables affect viral production and multivariate models that 

include environmental variables improve the explanatory power for viral abundance in the 

environment. 

Chapter 3 examined the genetic repertoire of prasinoviruses and how it varied 

across environments. Viral gene annotation was restricted by limited databases with many 

genes having an unknown function. Consequently, genomes were compared through 

clustering by sequence identity which provided a relative similarity in gene content. The 

data established a core genome for prasinoviruses infecting M. pusilla, and also identified 

a large flexible pan genome that contains cellular derived metabolic genes, spanning 
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across prasinovirus genera. This variability in genetic repertoire among prasinoviruses 

was furthermore reflected by their prevalence in environmental samples. The findings 

indicate a complex evolutionary history of prasinoviruses with frequent genetic exchange 

and viral genomes being under selection pressure by environmental conditions. 

Chapter 4 explored the relationship between environmental variables and the 

distribution of cyanomyoviruses with different gene content. Viral genotypes were defined 

from environmental sequences as OTUs. Not being derived from viral isolates, these 

OTUs represented arbitrary viral genotypes. However, a statistical correlation was 

established between the gene content of cyanomyoviruses, based on clustering, and the 

DNA polymerase gene (gp43). The data revealed enormous, and unprecedented diversity 

of cyanomyoviruses in the environment and uncovered that cyanomyovirus community 

composition is a function of environmental variables. Differences in mixing regimes, driven 

by salinity and temperature, and the associated nutrient availability were linked to the 

cyanomyovirus community composition and prevalence of specific viruses. Combined, 

these data imply that cyanomyoviruses are under selective pressure that is reflected in 

their gene content and their distribution in the environment. Thus, environmental variables 

are shaping viral community composition. 

Chapter 5 compared free cyanomyovirus communities, representing the seed 

bank, and replicating cyanomyoviruses in the cellular fraction over a range in 

environmental conditions. Community compositions were assessed based on 

cyanomyovirus OTUs, as defined in chapter 4. There was a great diversity in 

cyanomyoviruses in the cellular fraction that in most cases differed substantially from the 

composition of the associated free virus community. Furthermore, environmental 

variables covaried with the degree of mismatch of free and cellular cyanomyovirus 

communities. Only certain members of the free viral community appeared to be successful 

at replicating under specific conditions. The observations uncover that the emergence of 

replicating viruses out of free virus communities is highly variable and under the influence 

of environmental factors. 

 The results and insights from these projects advance the field of viral ecology by 

1) showing variability and signs of adaptation for the gene content of viral genomes, 2) 

demonstrating that the similarity of the genetic content of viruses is reflected by marker 
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gene sequences, so that it can be used to study their distribution, 3) linking environmental 

variables with viral abundance and community composition and 4) uncovering an 

unexpected variability between the viral seed bank and actively replicating viruses in the 

environment. This chapter highlights the contributions made to the field of viral ecology 

and draws directions for future research. 

 

1) Viral genomes show high variability and signs of adaptation 

The thesis shows that phylogenetic diversity is matched by the diversity in gene content. 

Chapters 3 and 4 identify the core genomes of prasinoviruses and cyanomyoviruses, and 

show that there are large, variable pan-genomes in both viral groups. These “pan-genes” 

include metabolic genes, and their presence differs among viruses, and could potentially 

affect viral replication. Chapter 3 also shows that the closest homologues of metabolic 

genes in prasinoviruses are associated with a variety of eukaryotes and bacteria. 

 This research emphasizes the flexibility of viral gene content, including metabolic 

genes and unidentified genes and indicate a complex path for gene acquisition. 

 

2) The diversity in genetic content of viruses can be assessed through marker genes 

Several studies have used a range of viral marker genes to assess the diversity and 

community composition of marine viruses. A crucial step in creating phylogenetically and 

ecologically meaningful OTUs is to establish an identity threshold for sequences. 

Confronted with the challenge of measuring the success of ecotypes, viruses with a 

specific genetic content fitting an ecological niche, in the environment, chapters 3 and 4 

developed an approach that links the similarity in gene content to the similarity in marker 

gene phylogeny. When a marker gene is carefully selected, it can not only be a 

phylogenetic tool, but also give an approximation of the pairwise similarity in gene content 

between viruses. Using an identity threshold for amplicon sequences that is congruent 

with full-length gene sequences, makes it possible to infer full-length sequences from 

environmental amplicon sequencing data.  

 This work establishes a correlation between marker gene diversity and the genetic 

repertoire of viruses, providing an approximation of metabolic capabilities and thus viral 
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ecotypes in environmental samples. This understanding opens new interpretations of the 

composition and shifts of viral communities under consideration of their genetic content. 

 

3) Environmental variables affect viral abundance and shape community composition 

The correlation between viral and bacterial abundances is well established. As well, the 

variability in viral community composition has been documented by several research 

projects. This research, especially chapter 2 and 4, show that total viral abundance and 

the community composition of specific phytoplankton viruses vary with environmental 

variables. Combining several environmental variables in multivariate models showed 

significant relationships with viral abundance, diversity and community composition. No 

single variable was significant in its effect, however, oceanographic patterns of 

stratification and nutrient concentrations were important. Chapter 4 also showed that the 

composition of cyanomyovirus communities changed gradually throughout the water 

column and over seasons. This was in contrast to more drastic shifts among different 

locations. This supports the seed-bank theory of viruses being persistent in their presence 

and absence, but variable in their relative importance. With a stable seed-bank of viruses, 

environmental variables drive the success of specific viruses which shapes the 

community. 

 The data further the understanding of the pace and scale of shifts in marine virus 

communities and how environmental variables shape communities. Those community 

shifts are not driven by isolated variables, but rather by overall environmental conditions. 

 

4) Actively replicating viruses differ from their free virus communities 

Several studies have identified variables and processes that affect virus-host interactions 

at all stages of the replication cycle (Mojica and Brussaard, 2014). However, changes in 

the composition of free viral communities are limited in studying how viral infections are 

influenced by transient environmental changes. The results in chapter 5 exposed stark 

differences in most samples between the composition of communities from the viral and 

cellular fractions. Furthermore, viral communities in the cellular fraction were typically 

more similar to each other than to their free equivalents and the degree of community 

mismatch varied with environmental variables.  
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 The results are among the first to describe actively replicating viruses under the 

immediate influence of environmental variables, and uncovers a level community dynamic 

which has been overlooked by previous research. 

 

 

 

6.2 Implications 
This project approached the connections among environmental variables, viral 

abundance, viral genome content and community composition from different perspectives. 

Combining the insights from this and other recent research manifests a picture of viral 

adaptation and competition. When applying the concept of fitness to viruses (Orr, 2009; 

Meyer et al., 2012), viruses with a specific genetic repertoire would be more fit than others 

under specific conditions, resulting in higher infection rates, replication rates and higher 

abundances. With a better understanding of viral fitness and competition this can be 

included in advanced ecological, dynamic models on genome content and competition as 

has been done for bacteria (Louca and Doebeli, 2015). Figure 6.1 summarizes the 

variables involved in infection, replication, production and degradation of viruses infecting 

phytoplankton. Temperature and salinity affect stratification of the water column and 

determine mixed-layer depth, light exposure and accessibility to nutrients. However, 

auxiliary metabolic genes (AMGs) may provide a means for viruses to compensate for 

damage to their genome and resource limitation. This work has several implications for 

viral ecology that are summarized below. 

 

-Community composition of viruses and their abundances are shaped by a complex set 

of environmental variables. Environmental variables are not isolated in their effect. 

 

-The selection pressure for beneficial metabolic genes in viruses is strong enough to drive 

frequent exchange of these genes from origins beyond the host range of a virus.  
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-Viral ecotypes succeed within a community under specific conditions by outcompeting 

others. Beyond appropriate hosts their success depends on the match between their 

genetic repertoire and the environmental conditions.  

 

-Free viral communities describe relatively stable communities shaped from the seed-

bank. The actively replicating viruses differ from the composition of the free communities 

and are best described by communities derived from the cellular fraction. Consequently, 

current research on free virus communities overlooks part of the transient community 

dynamics. 

 

 

 

 
Figure 6.1: Summary of effects of environmental variables on viral replication. 
Arrows indicate positive (green) and negative (red) effects of variables at various stages of viral replication. 
The blue arrow indicates the vertical shift of phytoplankton and their viruses in the water column due to 
stratification. Temperature and salinity affect stratification and thus the depth of the habitat of phytoplankton 
cells and their viruses. This alters the exposure to light radiation from the surface or access to remineralized 
nutrients from deep waters. Metabolic genes, if present, can partially offset environmental adversities. 
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6.3 Future directions 
With the steady advances in sequencing technology and the associated drop in cost it is 

feasible that future studies on similar questions will result in more samples, more 

sequences and thus higher statistical significance. More sequencing data would make it 

possible to build models not on total viral abundance, but on specific abundances of 

genotypes or groups of viruses. Another measure that would produce a clearer picture is 

sampling from a wider range of contrasting environments. With the gained understanding 

from this study, selecting specific areas of nutrient limitation for phytoplankton such as the 

North Atlantic gyre, where nitrogen and phosphorus are co-limiting (Moore et al., 2013) 

would be a strong approach to study the effect of these key nutrients on viral replication. 

As well, sampling programs that keep some variables relatively constant (e.g. light 

radiation by latitude), but others varying strongly (e.g. nitrogen concentration in the Pacific 

vs. Atlantic), could reveal isolated effects. As indicated in Chapter 4 and 5, and to a certain 

degree by Needham et al. (2013), shorter sampling intervals of days or fractions of days 

would uncover high-frequency community dynamics. Also, improved sequencing 

technology producing longer amplicons would increase the confidence in the phylogeny 

and the correlation between environmental sequences and the genetic repertoire. 

 This work, specifically Chapters 3 and 4, highlights the correlation between gene 

content and viral distribution. Yet the limited number of genes with a functional annotation 

resulted in a relative comparison of genetic content among viruses. Each viral genome 

that is fully annotated increases the size of the databases and in turn enables better 

annotation of currently unidentified genes. The annotation databases are best increased 

with information from virus isolates and experimentally determined gene functions; while 

metagenomic data provide information on the prevalence of genes. Better annotations will 

help the interpretation of community dynamics and potentially identify genes that are tied 

to specific environmental conditions. This process is accelerated through new efficient 

tools for annotation that also incorporate pathway prediction such as MetaPathways 

(Konwar et al., 2015). 

 To assess the immediate effect of environmental variables on infection rates and 

viral “success”, research should focus on dynamics in the cellular fraction. A relatively new 

and promising method to study this comprehensively is single-cell sequencing. This 
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approach has been spearheaded by a recent project studying the impact of viruses inside 

cells in the marine environment (Labonté et al., 2015). While this is not yet a high-

throughput method, if combined with RNA transcriptome sequencing, it could give a very 

concise look at viruses infecting a cell, as well as the expression levels of viral genes. 

 Without a doubt, advances in molecular, statistical and computational methods 

open up new ways to study complex ecological interactions from the genome to the global 

level. Combining high-throughput sequencing, new tools in gene annotation, advanced 

ecological models and huge swaths of environmental data from remote sensing will 

improve the understanding of marine ecosystems and enable better predictions about 

their response to changing environments. 

 

6.4 Conclusion 
This project studied the effect of environmental variables on the total viral abundance and 

the community composition of phytoplankton viruses at various temporal and spatial 

scales. By combining analysis of environmental conditions with viral abundance and 

dynamics in community composition, insight was obtained into the effects of 

environmental variables on viral distribution. Samples were analyzed from temperate, 

arctic, marine and coastal environments by flow cytometry, high-throughput sequencing, 

environmental metadata and multivariate statistics. A novel approach to correlate 

similarity in gene content with marker gene phylogeny enabled a look at virus community 

dynamics in relation to viral gene content and environmental variables. The study of 

actively replicating viruses in host cells uncovered an apparent selection on viruses from 

free communities for replication. This thesis furthers the understanding of the variability of 

the genetic content of viruses and how environmental variables influence viral abundance 

and shape viral community composition. 
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Appendix A supplementary tables 
 
Table A. 1: Sampling details for DNApol environmental samples. 
Samples from Jericho Pier, Point Atkinson, Juan de Fuca Strait and Saanich Inlet. Sampling date, location and depth given with in situ temperature 
(Temp.), salinity (Sal.). Field sampling volume (Vol.), type of pre-filter used in the lab, volume of viral concentrate (VC) and volume used for DNA 
extraction (Ext.) used are stated. 
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Table A. 2: Sampling details for gp43 environmental samples. 

Sampling locations and years are given, environmental parameters were measured in situ by CTD or 

analyzed in the lab. 
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Table A.2 Continued 
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Appendix B supplementary figures 
 

Figure A. 1: Shared genes of four prasinoviruses. 

Venn diagram of the CDS of the four viruses infecting the three genera of Ostreococcus Bathyococcus- and 

Micromonas in comparison, based on clusters at 50 % aa identity. 
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Figure A. 2: Temperature-Salinity (TS) plot of the SOG samples. 

 

Figure A. 3: Temperature-Salinity (TS) plot of the SAA 10 meters samples. 

 


