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Abstract 

As the most abundant biological entity in the world’s oceans, marine viruses infect 

marine bacteria and contribute to major biogeochemical processes through their impacts on 

microbial metabolism. Despite decades of viral ecology studies, there is still much to learn about 

these viruses and their behavior.  We examined 142 cyanophages isolated from two distinct 

ecological sites, 77 coastal and 65 upwelling.  Phylogenomic analyses clustered these phages 

into 10 different phylogenetic species, with six of these species with at least three members and 

members originating from both the coastal and upwelling site.  By testing these 142 cyanophages 

against 15 diverse Synechoccocus strains and analyzing the infectivity patterns associated with 

these interactions in the first large-scale quantitative host range (qHR), it is possible to explore 

the concepts of intra vs. inter specific variation and evaluate a potential viral bet hedging 

behavior. The qHR data has showed that there is more variation of host-range infectivity within 

species than between species and that viral bet hedging is indeed occurring as a way to minimize 

population-level extinction through the acceptance of a trade-off in maximal fitness for reduced 

temporal variance in fitness. 
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Introduction 

Marine viruses are the most abundant biological entity in the world’s oceans with a 

number reaching 1030(1). These viruses are known to infect marine bacteria such as 

cyanobacteria and they are known to play a major role in deep sea metabolism. Releasing 

approximately 0.37–0.63 gigatonnes of carbon per year (2) via bacterial lysis, marine viruses 

increase the efficiency of the biological pump by releasing certain unstable compounds (amino 

acids, nucleic acids, etc.) to be recycled near the surface. This lytic release of compounds also 

releases carbon rich materials that are transported to deeper waters by the viral shunt. Thus, this 

input into the biological pump of materials otherwise stored in bacteria enhances production on 

other trophic levels. (3) 

But despite their importance in global biogeochemical cycling and microbial metabolism 

(4), little is known about intra-species behavior in viral-host systems and how this may impact 

coexistence among phage species. For decades, it has been unclear if a viral species concept even 

exists, although recent population genetics analysis from the TMPL lab suggests that wild lytic 

cyanobacteria do form species, with divisions based on relative higher recombination within a 

population than between populations.  Given these findings, it is now possible to examine 

coexistence amongst phage species. 

Although there is a general consensus that coexistence between species relies on a 

balance between fitness and niche availability, theory and observation are seemingly at odds (5). 

The prevailing theory of the past 30 years, Gause’s law of competitive exclusion states that when 

two different species are competing for the same resources, they will not be able to coexist (6). It 

assumes that the remaining ecological factors remain constant: therefore, once one of the 

competing species acquires the slightest advantage either through genetic drift or emergence of 
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new alleles, this new trait allows them to dominate their competition. Simply put, species 

competing for the same limiting resource in one homogeneous habitat cannot coexist. This way, 

in the long run this competition for resources will end with the extinction of one of the 

competitors or a shift in their ecological niches. 

 Gause’s law is based on the Lotka-Volterra model which predicts that only a small 

number of viral species should be able to coexist in a given condition set (7), which equates to 

low viral diversity.  However, ecological observations consistently show high diversity in 

regions of low niche space (8).  Therefore, ecologists may need to expand coexistence theories 

beyond strictly species-level fitness and niche space. But this does not appear to be the case: 

according to the competitive exclusion principle only a small number of viral species should be 

able to coexist on a certain habitat with limited resources but empirical data shows us that there 

is a wealth of viral diversity under these conditions.  

 In 2001, Hubbell introduced the neutral theory, which states that biodiversity arises at 

random. What this means is that even though there may be differences between species with 

similar trophic levels, such differences are irrelevant to their success. Furthermore, the neutrality 

associated with this theory is defined at the individual level and not species level. What this 

means is that for a given throphically similar community, organisms are considered identical in 

terms of per capita probabilities of giving birth, dying, migrating, and speciating. (9) 

But while Hubbell’s neutral theory may explain the diversity observed in nature, it is a 

non-rejectable hypothesis, thus, weakening its ability to confirm or deny an ecological process 

(10). One component missing from all the aforementioned theories is the impact of individual 

variation within a species.  Individuals within species may be highly variable (11).  When intra-

specific variation surpasses inter-specific variation, it becomes the driving force of coexistence 
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(12). Here, I propose to examine individual-level fitness across six different coexisting viral 

species and evaluate its role in species-level coexistence.  I will use infectivity (PFU/ml) as a 

measure of fitness across all phage individuals.  Since all of the phages were isolated on the same 

host Synechococcus strain WH7803 from the same source waters, I first hypothesize that all viral 

species will have high niche overlap.  Oftentimes, phages isolated on the same host share genetic 

similarity and often attach to the same receptor carrying out highly comparable infection cycles 

(13) Thus, I then hypothesized that we would observe low inter-specific variation and intra-

specific variation that is higher than the inter-specific variation. This hypothesis will come to 

emphasize the importance of intraspecific variation in ecological and evolutionary processes, 

even if this topic has been considerably ignored in the scientific community due to the emerging 

of phylogenetic analysis (14). The fact is that there is a major gap between theoretical 

assumptions regarding the mean field approach, which assumes that the mean of the samples 

collected represents the fundamental traits of the organism’s dynamics. By measuring the traits 

for a large number of populations along the same environmental gradients, our work serves to 

oppose this notion by increasing the range of sample analysis and showing how significant intra-

specific variation truly is (15). 

In order to assess the given hypothesis I will examine variation within and between six 

populations through a quantitative host-range analyses (qHR).  By yielding quantifiable plaque 

forming units (PFU) across different isolate-host infections, the qHR provides a standardized 

measure of infectivity (reproductive success) that we can use in order to objectively compare 

fitness. This way, we will maintain experimental abiotic conditions constant and test 15 

Synechoccocus strains against 144 cyanophages, which are viruses that specifically infect 

cyanobacteria, an important primary producer of the world’s oceans. Cyanophages grow quickly 
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and are able to tolerate a range of environmental conditions. They are fairly simple to cultivate 

and one is able to obtain good results by using readily available laboratory equipment and 

inexpensive growth media. They are diverse, abundant, dynamic and morphologically similar to 

three families of tailed bacteriophages abundant in the ocean, making them a great model 

organism (16). This way, the cyanophage-cyanobacteria viral host system is ideal for this study 

because of all the reasons above and also because they are abundant in marine environments and 

well annotated. Our samples were obtained off the coast of California, more specifically from 

two sites along the Monterey Bay line 67. 

Because of the underlying submarine canyon, Monterey Bay’s Line 67 off the coast of 

California is one of the most biologically diverse bodies of water in the world. This location is 

ideal for the collection of samples for this study and by selecting two different sites along this 

line ( coastal and upwelling) we can access if phages group together by ecological site and if 

there is any population separation occurring between coastal and upwelling waters.  

Additionally, the existence of isolated phenotypes of these species across a two distinct 

ecological sites may suggest that these organisms have optimized their fitness in varying 

environments by sacrificing mean fitness to decrease variation in fitness. I hypothesize that we 

will find a higher infectivity in areas where there is a high abundance of hosts but a low survival 

rate. A high viral decay will correspond to a high degree of infectivity and as one decreases so 

does the other (directly proportional relationship). To this phenomenon we call bet-hedging and 

according to previous work, there are three main types of bet-hedging: conservative bet-hedging 

(17), diversified bet-hedging and adaptive coin flipping (18). This process of bet-hedging gives 

individual-level phenotypic variation some leverage to minimize population-level extinction by 

accepting a trade-off in maximal fitness for reduced temporal variance in fitness. (19) 
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Throughout this research study we analyze the distribution of isolated phenotypes across the 

sampling area and then proceed to analyze if bet hedging is occurring in this cyanobacteria-

cyanophage system by comparing viral infectivity of phage populations of the same species at 

either site. Thus, by comparing the infectivity of all phage-host assays and relating it with 

phylogenetic analysis we expect to gain a better understanding of the cyanophage-cyanobacteria 

viral-host system not only along the lines of coexistence and variation but also in terms of viral 

bet-hedging.  Will our hypotheses be confirmed: do viral species show niche overlap and bet 

hedging behaviors? Does intra-specific variation surpass inter-specific variation?  

 

 

Materials & Methods 

Experimental Methods 

(1) Source Waters: The water samples were obtained on October 2009 from the surface (10 

meters depth) of two stations in Monterey Bay, California, USA. The coastal sample was 

collected from Station H3 (36º73.5N, 237º98.1E) while the upwelling sample was collected from 

Station 67-70 (36º79.7N, 238º15.3E). The samples were then 0.22µ filtered (Millipore Express 

Plus, Millipore, MA, US) and stored at 4ºC in the dark acid-washed polycarbonate bottles.  

(2) SN Medium: Autoclave 1L of 75% sea water mixture (1) and allow it to cool to room 

temperature. Add 5.75mL of EDTA (1g/L), 2.6mL of K2HPO4 (6.1g/L), 2.6 mL of NaNO3 

(30%), 2.6mL of Na2CO3 (4g/L), 1mL of CTMM trace metal and 0.1mL of vitamin B12 (10 

mg/mL). Once prepared, store the SN medium outside of direct UV light. In order to create SN 

media agar simply add 5g of low melting point agarose (bottom agar) or 5.5g of low melting 

point agarose (top agar). 
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(3) Host Culturing: Grew Synechococcus strain WH7803 at 20-22ºC under a 14h: 10h light-

dark cycle on an incubator at 15-18µE m-2 s-1. Grew SynWH7903 on SN medium (20) and used 

in-vivo chlorophyll a auto fluorescence as a proxy for biomass in arbitrary fluorescence units 

(AU). This was done using an Appliskan plate reader (Thermo Electron, Vantaa, Finland) with 

excitation wavelengths of 485 +/- 20 nm and measured emission wavelengths of 590 +/- 40 nm.  

(4) Phage Isolation: SynWH7803 was transferred to fresh media (1mL: 5mL) and then 

inoculated using 5mL of 0.22µm water, either coastal or upwelling. Inoculated SynWH7803 

preparations were then serially diluted and plated using ‘SN’ media agar (method 2) and the 

individual plaques (evidenced after 7-35 days) were collected in agarose plugs using sterile 

pipette tips. In order to ensure the cyanophages isolates were clonal, three more rounds of plating 

were done and the isolates were then grown up in liquid culture on SynWH7803 to create a 

lysate stock. The preparations were in the dark at 4ºC and then used in experiments for up to six 

months. The lysate stocks were replenished after six months in order to prevent viral decay from 

affecting the experimental results.  

(5) Isolate DNA extraction and sequencing: The lysate was PEG precipitated using PEG8000 

(Fisher, MA, US) (21) and then extracted through the use of Wizard Genomic DNA Purification 

Kit (Promega, Fitchbug, WI) per manufacturer’s recommendations. The Joint Genome Institute 

(JGI) then sequenced this DNA through the use of Illumina MiSeq (Illumina, San Diego, CA). 

(6) Quantitative Host Range Analysis: ‘SN’ media (2) was used to serially dilute the viral 

lysates (100, 10-2, 10-4, 10-6, and 10-8) which were then tested on fifteen genetically diverse 

exponentially growing Synechococcus strains (22). This was done through the use of plaque 

assays during which the plaque formation was monitored for a total of 21 days. Counts were 

taken on days 7, 14 and 21 and then used to calculate PFU (plaque forming unit) based on the 
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highest plaque count. The qHR analysis was conducted over a year and in order to allow for viral 

comparison between viral lysate sets (since two different sets were used), all phages were tested 

for infectivity on SynWH7803 host. This was done in order to enable normalization between the 

two different sets of viral lysate stocks and also to ensure infectivity between the different 

strains.  

Bioinformatic Methods 

(1) Isolate Genome Assembly: Library construction and sequencing was achieved through the 

use of the Joint Genome Institute’s website (http://www.jgi.doe.gov/). All fastq files used were 

QC filtered for artifact/process contamination and then assembled together using the Velvet 

algorithm package (23). The assembled result was then used in the creation of a long mate-pair 

library with insert 3000 +/- 270 bp which was then assembled together with the original Illumina 

library with AllPathsLG (24). The genomes can be found in GenBank under the accession 

numbers KJ019026- KJ019131, KJ019134- KJ019165, JN371768, and KF156338-40. 

(2) Genome and viral-tagged metagenome protein clustering: The microbial gene prediction 

software Prodigal (25) was used in across the isolate genomes in order to predict ORF’s (open 

reading frames). The predicted ORFs were then clustered with a granularity of 2 in MCL (26) 

using their workflow protocol for clustering similarity graphs encoded in BLAST results 

(http://micans.org/mcl/). A total of 699 protein clusters were predicted, of which 51 were found 

across all 142 genomes. The 142 genomes were then used to calculate the number of protein 

clusters shared and unique between the coastal and upwelling sites.  

(3) Phylogenomic analyses: Figure 1 was obtained by aligning 51 core gene clusters through the 

use of MAFFT (27) ‘-auto’ setting and then analyzed to check if ‘introns’ were present, in which 

http://www.jgi.doe.gov/
http://micans.org/mcl/
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case they were removed using a custom Perl script remove_introns.pl (available on 

http://code.google.com/p/tmpl). gBLOCKS gene fragments (28) with a minimum number of 

sequences n × 0.5 +1, maximum number of non-conserved columns 50, and minimum length of 

a block 5, were then used in order to trimmer the alignments. The best-fit nucleotide substitution 

model of the concatenated gene cluster alignments was determined using PAUP* (29) and 

Modeltest 3.7 (30), while RAxML (31) was used in order to conduct the phylogenetic 

reconstruction. This was done using the GTR substitution model and a gamma distribution in 

four discrete categories and a set of invariable sites (GTR + Γ + I). For the amino acid based tree 

on all published (available in December 2012) marine and non-marine T4-like phage genomes 

and the 142 cyanophage isolate genomes sequenced here, 27 concatenated protein sequences 

were processed as previously described with the nucleotide tree.  Prottest3 (32) was then used to 

determine the best-fit amino acid substitution model and the phylogenetic reconstruction was 

once again conducted using RAxML (31) and the WAG substitution model along with a gamma 

distribution in four discrete categories and a set of invariable sites (WAG + Γ4 + I). 
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Results & Discussion  

Figure 2 represents a phylogenomic tree of our 51 concatenated core proteins which was 

obtained through the combination of genome data and evolutionary reconstructions. 

Phylogenomic analysis predicts the accuracy of protein function prediction and consists of a 

sensible approach to sub classifying sequences by using hierarchy principles in order to group 

said sequences into evolutionary clades (34). The strong lineage sorting evidenced by figure 2 

also suggests that there is a steep ecological cline between clusters even if there is no 

geographical one. This figure examines the population structure and HGT (horizontal gene 

transfer) frequency associated with our 144 genome-sequenced isolates, which are shown to 

organize in 10 novel T4-like cyanophage populations. T4-like phages are abundantly distributed 

and considered a dominant ‘signal’ in wild populations, being that current work being conducted 

at the TMPL lab characterizes our cyanophages samples as species and allows me to study them 

as such (35). The phylogenomic tree present in figure 2 also shows that we have over 90 

bootstrap support, a method used to assign accuracy measures to our sample estimates (36), and 

that 6 of the confirmed clusters have 3 or more isolate genomes available which enables us to 

pursue further within-population analyzes. But what role do these six different coexisting viral 

species play in species-level coexistence? In order to address this question we can use infectivity 

(PFU/ml) as a measure of fitness across all phage individuals and then analyze the infectivity 

patterns across our 140 cyanophage isolates by studying the quantitative host range data.  

The quantitative host-range (qHR) can be used in order to access the role of individual-

level fitness across the six different coexisting viral species and evaluate its role in species-level 

coexistence. The data produced by the host-range allowed us to calculate infectivity (PFU/mL), 

which can now be used as a measure of fitness across all phage individuals and a starting point 

for a viral infectivity comparison. In order to analyze the notion of species coexistence one can 
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make use of such fitness landscape and proceed to investigate if higher intraspecific to 

interspecific trait variation is strong enough to promote diversification and coexistence. 

Furthermore, the geographic data obtain shows that there are isolated phenotypes of these viral 

species inhabiting a wide geographic area, which leads me to further investigate the concept of 

bet hedging (19) and its implications towards viral coexistence.  

Viral infections are not always successful and depend upon a series of factors such as 

host susceptibility, host growth conditions, rate of interaction between viruses and their hosts, 

among other things (33). As such, the methods used in this experiment cannot be applied to lytic 

phages with the same results but rather to certain phages infecting specific hosts under specific 

conditions. All of the 142 cyanophages were isolated on the same host, the Synechococcus strain 

WH7803, which was collected from the same source waters (2 locations).  

Figure 3 presents the data obtained through the measurement of viral infectivity against 

our 15 diverse Synechococcus strains along with WH7803, the original host used for isolation 

(Fig. 3A) This figure shows us the ecological similarity between cyanophages populations and 

how there appears to be no correlation with environmental origin or genomic cluster. Genotypic 

phage clustering is not related with viral infectivity patterns and coastal samples appear to have a 

lower infectivity than the upwelling samples, which is statistically confirmed by Figure 5.  

Furthermore, Figure 3B shows us that there is strong individual variability in infectivity 

patterns and that all populations present wide infectivity distributions. PFU was used as the base 

for infectivity measurements and comparison and once we plot this exponential infectivity versus 

the relative frequency we can conclude that there is a strong niche overlap. Most importantly, it 

would appear that there is more variation within species than in between species (Fig. 3B). On 

host WH6501, clusters I, II and VI infectivity values (PFU/mL) ranged from 0 to 104, while 
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cluster IV is between 0 to 106 and cluster V is between 102 and 108. Regarding infectivity, on 

average these intra-infectivity (within) ranges spanned 5 orders of magnitude with a standard 

deviation of 1.73 (variance = 3). For the following host, CC9311, clusters I and II range from 104 

to 1010, clusters III and VI from 0 to 108, and clusters IV and V range from 104 to 1012. The 

average within range for this host spanned approximately 7.3 orders of magnitude with a 

standard deviation of 1.03 (variance = 1.067). Both MITS9220 and UW140 have a mean of 8 

and a standard deviation of 0, which implies that all numbers in the series are equal to the mean 

value of all the numbers in the series. Finally, host WH8101has a mean of 7.33 and consequently 

a standard deviation of ~ 1.033.  

However, these “within” values present meaningful insight into our hypothesis only when 

compared to those associated with the “between” relationship of organisms. Data from Figure 5 

shows that both range averages and standard deviation values are significantly smaller than the 

within ranges. This data confirms my initial hypothesis being that inter-specific variation is 

indeed low while intra-specific variation is higher than the inter-specific variation. This 

ecological aspect in fact hugely facilitates the coexistence between viral species despite of them 

sharing the same hosts. The high degree of variance within the cyanophage species allows these 

host-range systems some leverage over the competitive exclusion principle previously 

mentioned. There is a wealth of viral diversity under the same ecological conditions being that 

viral species are able to coexist because of certain stabilizing forces that limit interspecific 

competition and allow for them to overcome differences in inherited fitness between species (1). 

At this point in which intra-specific variation surpasses inter-specific variation, it becomes the 

driving force of coexistence and confirms our initial hypothesis. Understanding variation 
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behaviors between species is very important for the study of organism dynamics and their co-

occurrence at the same location. 

Additionally, Figure 4 shows us that host diversity is higher at the upwelling site. When 

combined with evidence that infectivity varies both within a species (Fig.5) and across species, 

this data suggests that these viral species are reducing their variance in fitness through the 

previously mentioned bet hedging strategy. Bet hedging happens when an individual has to lower 

its variance in fitness between years in order to maximize its long-term fitness (17). This way by 

switching phenotypic states between sites, viral populations become better adapted to deal with 

the diverse marine environment, which may be the cause of the different infectivity patterns 

between coastal (lower infectivity) and upwelling (higher infectivity) waters.  

In conclusion, the data produced by this experiment does in fact contribute to a better 

understanding of the cyanophage-cyanobacteria viral-host system by shining new light on the 

bet-hedging behaviors associated with viral adaptation to diverse marine environments. 

Furthermore, the coexistence drive associated with high patterns of intra-specific variation not 

only proves our initial hypothesis, but can also help the scientific community obtain definitive 

measures for characterizing viruses and their interactions. This viral characterization can be of 

huge importance for areas such as phage therapy and carbon cycling studies.  
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Figures 

 

Fig. 1 – Monterey Bay Line 67 oceanographic transect. Sampling sites represented: H3 

Coastal (36.776, -122.016) and 67-70 Upwelling (36.12, -123.48). 
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Fig. 2 – Phylogenomic tree obtained from 51 concatenated core protein sequences shows the 10 

distinct cyanophage populations. Singletons and duplicons are indicated by the yellow and red 

hexagons, respectively, while the black dots indicate bootstrap support higher or equal to 90. The 

surrounding ring identifies the phages as either coastal (white) or upwelling (black). 
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Fig. 3 – This figure compares the phylogenetic data from figure 2 with the host-range infectivity 

analysis of 140 cyanophage isolates. The infectivity pattern of the samples were normalized to 

WH7803 (original isolation host) and the data shows that genotypic phage clustering is not 

related with viral infectivity pattern (A). Once the infectivity was plotted against the relative 

frequency, the results show us that there are high levels of variation within each cluster (B). 
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Fig. 4 – Geographical representation of both sampling sites along Line 67 ocean transect (coastal 

and upwelling). This figure represents geographical location and seawater temperature for 

October of 2009. The different shades of pink represent the different host clades and this data 

confirms that there is strong mixing between coastal and upwelling stations (marked with yellow 

and red stars, respectively). 
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Fig. 5 – This data results from infectivity analysis of both coastal and upwelling phage clusters. 

Clusters I (red), II (yellow), IV (blue) and VI (purple) evidence different infectivity phenotypes. 

Cluster V was the one used to create the normalization standard and cluster III’s sample size was 

too low, as such, these clusters are not represented. This figure statistically proves that coastal 

samples have a lower infectivity than the upwelling samples.  
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Fig. 6 – Bet hedging: Upwelling region will have a higher aggregate of hosts and a higher 

infectivity ratio, which is associated with a higher decay rate. The coastal region has a lower 

amount of host present and a lower infectivity ratio, which corresponds to organisms with a 

lower decay rate. 
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