
When the Oxygen Minimum Zone and the Euphotic
Zone Collide, Viral Communities Are Altered

Item Type text; Electronic Thesis

Authors Schwenck, Sarah Melissa

Citation Schwenck, Sarah Melissa. (2014). When the Oxygen Minimum
Zone and the Euphotic Zone Collide, Viral Communities Are
Altered (Bachelor's thesis, University of Arizona, Tucson, USA).

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:07:04

Item License http://rightsstatements.org/vocab/InC/1.0/

Link to Item http://hdl.handle.net/10150/321951

http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/321951






1 
 

Abstract  

Marine oxygen minimum zones (OMZs) are expanding which increases their roles in 

ecosystem productivity and greenhouse gas production. However, the viruses that infect bacteria 

responsible for biogeochemical processes in OMZs are understudied. These viruses can have 

significant impacts by killing their hosts, transferring genetic material between hosts, and 

expressing genes during infection that alter their host’s metabolism. Here we investigate viral 

communities in the Eastern Tropical North Pacific OMZ, comparing an offshore station where 

the oxycline is below the euphotic zone with a nearshore station where the OMZ has expanded 

into the euphotic zone, generating a secondary chlorophyll maximum and higher bacterial 

concentrations. Viral infections were found to be highest in the mixed layer, but were also 

elevated within the OMZ, indicating that viruses are actively infecting cells in the OMZ. 

Quantitative viral morphological analysis showed that differences in viral communities were 

associated with variations in oxygen, chlorophyll, and temperature. These viral communities 

were similar between stations except at the base of the upper oxycline where the OMZ and 

euphotic zone overlapped at only one station. These findings provide evidence of differing viral 

communities in oxygen-deficient environments and indicate that OMZ expansion into the 

euphotic zone substantially affects microbial interactions. 
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Introduction  

While most of the world’s oceans are oxic, there are several regions that have little to no 

measurable oxygen content (Wright et al., 2012). These oxygen minimum zones (OMZs) are 

typically found in areas of coastal upwelling and are the result of oxygen being consumed faster 

than it can be replaced (Wright et al., 2012). Mechanistically, this is explained by increased 

surface water nutrient concentrations from upwelling, leading to increased primary production 

(Bakun, 1990). Aerobic heterotrophic microorganisms then consume this produced organic 

matter, using up oxygen as the most favorable electron acceptor in their metabolic processes 

(Wright et al., 2012). At the surface, the consumed oxygen is replaced through air-sea 

interactions and photosynthesis, but in the deep ocean, the oxygen production rate is low due to a 

lack of primary productivity and limited mixing with oxygenated waters (Wright et al., 2012). 

Thus, the OMZ forms as a result of enhanced oxygen consumption without replacement through 

physical or biological means. 

Without oxygen, these OMZs become very important to both nitrogen and sulfur cycling, 

as nitrate, nitrite, or sulfate are used in place of oxygen as the terminal electron acceptor (Wright 

et al., 2012). OMZs are also responsible for the loss of up to 50% of oceanic fixed nitrogen 

through two main microbial pathways: denitrification and anammox (Wright et al., 2012; Bulow 

et al., 2010; Zumft, 1997; Lam et al., 2009). Denitrification results in the production of both 

nitrogen gas and nitrous oxide, while anammox converts ammonia to nitrogen gas anaerobically 

(Bulow et al., 2010; Wright et al., 2012; Lam et al., 2009). Importantly, OMZs favor the 

production of nitrous oxide, a greenhouse gas approximately 300 times more potent than carbon 

dioxide that also contributes to ozone destruction (Codispoti, 2010; Wright et al., 2012). Marine 

OMZs have expanded substantially over the last 58 years (Wright et al., 2012; Whitney et al., 

2007; Stramma et al., 2010), and climate models predict further expansion with increased 

planetary warming (Stramma et al., 2008). 

While many studies have focused on microorganisms and the processes they drive in 

marine OMZs, relatively little is known about viruses and their impact in these regions. Viruses 

are the most abundant biological entities in marine environments, with concentrations exceeding 

10
7 

per milliliter in the upper oceans (Jacquet et al., 2010; Breitbart et al., 2007). These viruses 

predominantly infect bacteria and phytoplankton and have considerable effects on both energy 

and nutrient cycling (Fuhrman, 1999). On average, viruses cause 10-40% of bacterial mortality, 

and 10% of phytoplankton mortality (Suttle, 1994; Fuhrman, 1999). This mortality alters the flux 

of nutrients and organic matter through the microbial loop as materials produced through lysis of 

cells can be consumed by heterotrophs, increasing the recycling of these materials and shunting 

them away from higher trophic levels (Fuhrman, 1999). Additionally, the expression of viral 

auxiliary metabolic genes, such as core photosynthesis genes, during infection can considerably 

influence oceanic productivity and biogeochemical cycling (Breitbart et al., 2007; Sharon et al., 

2009). Finally, viruses have the potential to alter evolution of their microbial hosts via horizontal 

gene transfer (Rohwer and Thurber, 2009). As a result, through their impacts on the microbial 
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community, viruses can significantly influence the microbally-driven processes within these 

expanding OMZs.  

Here, we examine viral ecology in the Eastern Tropical North Pacific (ETNP) off the 

coast of Manzanillo, Mexico. This region contains a very strong OMZ and is one of the few 

areas in the world where the OMZ has expanded into the photic zone, generating a secondary 

chlorophyll maximum where they overlap near shore (Hereu et al., 2010). Our study examines 

viral ecological parameters including viral abundance, the ratio of viruses to bacteria, viral 

infection frequency in bacteria, and viral community morphology, with the goals of (i) 

evaluating these variables as a function of environmental conditions including oxygen 

concentration and chlorophyll fluorescence and (ii) comparing these variables between a 

nearshore station where the OMZ overlaps with the photic zone and an offshore station where 

the OMZ is below the photic zone. Thus, this study provides much needed information about 

viral ecology in OMZs as well as a first examination of how viral communities and their 

relationship with bacteria are altered by the expansion of OMZs into the photic zone. 

 

Methods 

Sample Collection 

 Samples were collected off the coast of Manzanillo, Mexico, in the Eastern Tropical 

North Pacific Ocean from a nearshore station (18.918º N, 108.801º W) and an offshore station 

(18.9206º N, 104.888º W). A rosette equipped with a CTD (Sea-Bird Electronics SBE 911plus), 

dissolved oxygen sensor (Sea-Bird Electronics SBE 43), chlorophyll fluorometer (Seapoint 

SFC2775), and Niskin bottles were used to obtain environmental context and water samples at 

each station. Seawater samples from 8 depths per station (5–1,000 m depth) were preserved in 

0.5% glutaraldehyde (final concentration), flash frozen in liquid nitrogen, and stored at -80°C 

until analysis.  

 

Enumeration of Viruses and Bacteria 

 Triplicate 1 mL samples were prepared as previously described (Noble & Fuhrman, 

1998; Suttle & Fuhrman, 2010) using SYBR Gold (Invitrogen) to fluorescently stain viruses and 

bacteria. Each filter was analyzed under blue excitation using an epifluorescence microscope 

(Zeiss Axio Imager). Twenty randomly selected fields were examined to determine the 

concentration of viruses and bacteria.  

 

Frequency of Infected Cells 

 Samples were prepared to determine the frequency of infected cells as previously 

described (Brum et al, 2005). Electron microscopy grids (Ted Pella, 200 mesh copper, formvar 

coated) were rendered hydrophilic using glow discharge before use, and 20mL of sample was 

centrifuged onto the grids at 20,000 rpm for 1 hour with a swing bucket rotor (Beckman, SW 41) 

using an ultracentrifuge (Beckman). After positively staining material on the grids with 0.5% 

uranyl acetate, grids were viewed at 40,000x magnification using a transmission electron 
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microscope (Tecnai Spirit) with 100kV accelerating voltage. For each sample, the first 800 cells 

observed were examined to determine if they contained visible viruses. The frequency of 

infected cells was then determined using the equations from Binder (1999).  A detailed protocol 

for this method can be found online at http://eebweb.arizona.edu/faculty/mbsulli/protocols.htm. 

 

qTEM  

Examination of viral community morphological parameters was conducted using the 

quantitative transmission electron microscopy (qTEM) method (Brum et al., 2013). Electron 

microscopy grids (Ted Pella, 200 mesh copper, formvar-coated) were rendered hydrophilic 

through glow discharge, and 400μL of sample was deposited onto each grid at 100,000 x g using 

an air-driven ultracentrifuge with an EM-90 rotor (Beckman). Deposited material, including 

viruses, was then positively stained with 2% uranyl acetate and grids were stored desiccated until 

analysis.  

  Prepared grids were viewed at 60,000–87,000x magnification using a transmission 

electron microscope (Tecnai Spirit) with 100kV accelerating voltage and micrographs of the first 

100 viruses observed were obtained with an AMT XR-41 TEM camera. Each virus was 

classified as a myovirus, siphovirus, podovirus, or non-tailed virus based upon its morphology as 

defined by the International Committee on Taxonomy of Viruses (King et al., 2012). The capsid 

width of each virus was then measured using ImageJ software (Abramoff et al., 2004). A 

detailed protocol for this method can be found online at http://eebweb.arizona.edu/faculty/ 

mbsulli/protocols.htm. 

 

Statistical Analyses 

Correspondence analysis (CA) was performed using the vegan package (Oksanen et al., 

2013) of R version 3.0.2 (R Core Team, 2012) to compare viral communities based on capsid 

width distributions from each sample as previously described (Brum et al., 2013). The influence 

of environmental variables on the structure of the viral communities was evaluated using the 

function ‘envfit’ in vegan with 10,000 simulations (Oksanen et al., 2013). The function 

‘ordisurf’ was then used to visualize response surfaces for each environmental variable on the 

ordination plot (Oksanen et al., 2013). Environmental variables considered included temperature, 

salinity, dissolved oxygen concentration, depth, and chlorophyll a concentration.  

 

Results 

Environmental Parameters  

While salinity and temperature data showed that there was not an established mixed layer 

at either station (Figure 1), the thermocline was shallower at the nearshore station (20 to 65m) 

than at the offshore station (60 to 85m). Regions of the water column are defined as anoxic if 

they have virtually no oxygen, or undetectable oxygen levels, suboxic if they have 1–20 μmol 

oxygen kg
-1

, and oxic if they have >20 μmol oxygen kg
-1

 (Karstensen et al., 2008; Wright et al., 

2012). Thus, the core of the OMZ, which had undetectable levels of oxygen, ranged from 180–
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750m at the offshore station and was expanded to 95–830m at the nearshore station (Figure 2). 

The upper oxycline was much shallower at the nearshore station (30–65m) than at the offshore 

station (60–105m). Deep chlorophyll maxima were present at 65m at the offshore station and at 

35m at the nearshore station (Figure 2), which coincided with both the oxycline and thermocline 

(Figure 1). There was also a secondary chlorophyll maxima at 85m at the nearshore station that 

overlapped with the base of the upper oxycline and was within the top 20m of the OMZ (Figure 

2B).  

  

Viral and Bacterial Concentrations 

While viral concentrations at the nearshore station were more than double those at the 

offshore station, bacterial concentrations did not follow this trend and were of similar magnitude 

at each station (Figures 3 and 4). Further, viral and bacterial concentrations were highest above 

the oxycline at each station except for the presence of a secondary peak in bacterial 

concentration at the nearshore station that coincided with the secondary chlorophyll maximum 

(Figure 2B, 4B). At both stations, viral and bacterial concentrations were positively correlated 

with temperature (Table 1).  However, while viral and bacterial concentrations were both 

correlated with oxygen concentration at the offshore station, only viral concentration was 

correlated with oxygen concentration at the nearshore station while bacterial concentration was 

correlated with chlorophyll fluorescence (Table 1).  

At the offshore station, the virus to bacterium ratio (VBR) was highest within the upper 

oxycline, and ranged from 4 to 16.5 throughout the depth profile (Figure 5A). In comparison, 

VBR at the nearshore station was highest at the surface, with a VBR of 39.1 (Figure 5B). Within 

the oxycline and below, VBR was similar between the two stations. VBR was positively 

correlated with both temperature and oxygen at the nearshore station, but was not significantly 

correlated with any environmental parameters at the offshore station (Table 1). 

   

Frequency of Infected Cells 

 The percent of cells with lytic viral infections were found to be highest within the mixed 

layer at both stations (Figure 6). Infections were also high within the oxygen minimum zone, 

with 5-7% of the cells being infected. The frequency of infected cells was found to be lowest 

within the oxycline at each station and below the core of the OMZ. Infections were not 

significantly correlated with temperature, oxygen, or chlorophyll fluorescence at either station 

(Table 1).  

 

Morphological characteristics 

 Only four viral morphotypes were observed in all samples in this study: myoviruses, 

siphoviruses, podoviruses, and non-tailed viruses (Figure 7). Non-tailed viruses dominated the 

viral assemblage at each station (56 to 93% of the community) and increased with depth (Figure 

8). The percent of non-tailed viruses was negatively correlated with temperature, while 

myoviruses and podoviruses were positively correlated with temperature (Table 2). Combined, 
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these correlations indicate that the percent of tailed viruses is higher at shallower depths, while 

non-tailed viruses become relatively more abundant at lower depths. Interestingly, there was no 

visible change in viral morphotype distribution at the base of the upper oxycline at either station.  

 

Viral Community Structure 

Correspondence analysis was used to compare viral capsid width distributions (Figures 9 

and 10) as a proxy for viral community structure and showed that viral communities at both 

stations changed with depth (Figure 11). Between stations, viral community structure was 

relatively similar within each region of the water column, except at the base of the upper 

oxycline, where they were considerably divergent. The samples from the mid-upper oxycline, 

oxygen minimum zone, and below the lower oxycline were relatively more divergent than those 

from the upper oxic zone and lower oxycline. The offshore station mid-upper oxycline viral 

community was also highly similar to the community from the lower oxycline. Response 

surfaces demonstrated that temperature, oxygen, and chlorophyll fluorescence were all 

significantly related to differences in viral community structure in a non-linear fashion, while 

depth was linearly related to viral community structure (Figure 12). 

 

Discussion  

Viral and bacterial abundance, viral infections, and viral morphological diversity varied 

considerably in the ETNP OMZ region. These features of the viral community were compared 

between two stations, with a focus on the base of the upper oxycline where the nearshore station 

had a secondary peak in chlorophyll fluorescence that was not present at the offshore station. 

Similar secondary chlorophyll maxima have been observed before in both the Eastern Tropical 

North Pacific (ETNP) and the Arabian Sea where the upper portion of the OMZ overlaps with 

the photic zone (Hereu et al., 2010; Goericke et al., 2000; Pennington et al., 2006).  

When considering the concentrations of viruses and bacteria, the depth profiles obtained 

reflect those found previously, with higher concentrations of viruses and bacteria at the surface, 

and lower concentrations with depth (reviewed by Wommack & Colwell, 2000). There were also 

higher concentrations of both viruses and bacteria in regions with higher oxygen concentrations, 

which could be attributed to the use of oxygen as a more favorable electron acceptor, as well as 

increased organic matter and light at the surface (Wright et al., 2012). The secondary peak in 

bacterial concentration at the nearshore station also corresponded to the second chlorophyll 

maximum, as has been seen before in the ETNP OMZ (Goericke et al., 2000). However, while 

bacterial concentrations significantly increased at the lower chlorophyll maximum, viral 

concentrations barely increased. Furthermore, while the viral concentration at the surface was 

over two-fold higher at the nearshore station, bacterial concentrations were not significantly 

elevated, resulting in a much higher VBR at the nearshore station than the offshore station, as has 

been seen before in coastal environments (Boehme et al., 1993). While this high VBR could 

indicate increased infections, they were not correlated with infections as infection frequencies 

were found to be similar at each station suggesting that the relative abundance of viruses and 
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bacteria is not the sole factor driving infection frequency. Host diversity, contact rates, and 

concentration of both viruses and hosts may also impact the percent of cells infected. However, 

in our study, because of high VBR at low infection depths, the diversity of viruses and their hosts 

may be playing a larger role, as has been proposed before in both hypersaline lakes and 

sediments when infections are low, but contact rates are high (Brum et al., 2005; Brum & 

Steward, 2010; Bettarel et al., 2006). 

At both stations, the percentage of infected cells was elevated both within the upper, oxic 

portion of the water column and in the oxygen minimum zone. This indicates that viruses are 

actively infecting cells within the oxygen minimum zone and as a result, can influence bacterial 

mortality and organic matter cycling within the OMZ through lysis, expression of metabolic 

genes, and horizontal gene transfer. Elevated frequencies of infections in anoxic regions have 

been observed previously in the Baltic Sea, where infections increased from 10-13.2% at the 

surface to 16.8- 25.2% in the anoxic zone (Weinbauer et al., 2003). Comparatively, these values 

are significantly higher than those observed in this study and may have been the result of lower 

diversity of hosts leading to higher infection rates as compared with the ETNP OMZ. The 

frequency of infected cells observed in this study was at the low end of those reported for other 

environments as well (Binder, 1999). The lack of correlations with environmental variables 

further indicates that factors other than environmental parameters such as viral and bacterial 

diversity are influencing infection rates in this region.  

 Morphological diversity also changed with depth at both the nearshore and offshore 

stations. Only four different viral morphological types were found in this study, indicating that 

other morphological types, such as lemon-shaped viruses, are rare within this region. This is not 

unexpected as these same four morphological types were the only types observed in the global 

oceans (Brum et al., 2013). Also, as in the global oceans, the majority of viruses were non-tailed 

(Brum et al., 2013). While there have been previous depth profiles of morphology in the ocean 

(Cochlan et al., 1993; Wommack et al., 1992), this was the first to our knowledge that 

quantitatively reported the relative abundance of each morphotype, showing that non-tailed 

viruses are a greater proportion of the viral assemblage at deeper depths. As relatively few non-

tailed phages have been isolated in culture, the organisms that these viruses are infecting remain 

unknown (Ackermann, 2007). As percentages of non-tailed viruses increase within the OMZ, 

anaerobic bacteria and archaea are both potential hosts. Additionally, at every depth, the viral 

assemblage was dominated by viruses in the 30-60nm size range. This agreed with some of the 

profiles conducted in Cochlan et al. (1993) in the Southern California region, but not that 

performed by Wommack et al. (1992) in the Chesapeake Bay region, where viruses ranging from 

60-80nm were most abundant.   

The divergence of viral communities from varying regions of the water column using 

correspondence analysis is not entirely unexpected, especially when comparing communities 

from oxygenated and anoxic regions. Globally, temperature, salinity, and oxygen all had 

significant influences on viral communities in the upper water column, with salinity being the 

most influential (Brum et al., 2013). In this study, however, the salinity gradient was not large, 
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while both temperature and oxygen concentration changed dramatically. From a microbial 

standpoint, this separation is also seen using metagenomics where in the Eastern Tropical South 

Pacific (ETSP), the surface is dominated by γ-Proteobacteria and Bacteroidetes while the OMZ 

and below is dominated by α-Proteobacteria and SAR406 (Stevens & Ulloa, 2008). Similarly, 

when considering the viral genotypes of the ETSP, communities from the OMZ differed 

extensively from the communities found in oxygenated waters, with only 4.95% of identified 

genotypes being shared between surface and anoxic samples (Cassman et al., 2012).   

 The viral communities found at the base of the upper oxycline also differed greatly 

between stations, most likely due to the overlap of the OMZ with the photic zone and the 

presence of a secondary chlorophyll peak at the nearshore station that was not present at the 

offshore station. At a similar secondary chlorophyll peak in the ETNP OMZ, pigment analyses 

showed that the predominant pigments found were chlorophylls a2 and b2, which are only found 

naturally within the cyanobacterium Prochlorococcus (Goericke et al., 2000). Furthermore, 

Prochlorococcus and the cyanobacterium Synechococcus were the primary contributors to 

biovolume within that chlorophyll maximum (Goericke et al., 2000). Consequently, the 

secondary chlorophyll maximum observed at the nearshore station may be predominantly 

composed of cyanobacteria, in particular Prochlorococcus. There was an increased amount of 

viruses with capsid diameters of 60-80 nm found at the base of the oxycline at the nearshore 

station (Figure 10e). This size range is comparable to previously described cyanobacterial 

viruses, which ranged from about 60 to 100nm (Sullivan et al., 2005; Suttle & Chan, 1993). 

Consequently, these larger viruses may reflect those adapted to infecting cyanobacteria or 

phytoplankton found within this deeper chlorophyll maximum. 

Overall, the analysis of viral and bacterial abundance, infections, and viral diversity 

demonstrated that viral communities do differ with oxygen concentration. In particular, where 

the OMZ overlaps with the euphotic zone, a secondary chlorophyll peak is generated and the 

larger viruses from this region may be infecting cyanobacteria present. To further this analysis, 

we will shortly be obtaining viral metagenomics data from 10 of our samples. Primarily, we will 

focus on auxiliary metabolic genes such as psbA, which are genes found within viruses that 

influence their host’s metabolism, allowing the virus to produce more viruses before killing their 

host (Breitbart et al., 2007; Sharon et al., 2009). Genomically, we predict the viral communities 

and concomitant AMGs will differ between oxic and anoxic regions as it would benefit the 

viruses to enhance their host’s metabolic processes in order to boost viral replication. 
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Table 1. Pearson correlation coefficients for relationships between viral community properties 

and environmental variables for both stations. Correlation with p-values <0.05 are highlighted in 

bold. 

 Station 
Temperature 

(ºC) 

Salinity 

(psu) 

Oxygen 

(µmol kg-1) 

Fluorescence 

(fsu) 

Depth 

(m) 

Viral Concentration 

(ml-1) 

Offshore 
0.882 

(p = 0.004) 

-0.697 

(p = 0.996) 
0.945 

( p < 0.001) 

0.517 

( p = 0.190) 
-0.751 

(p = 0.032) 

Nearshore 
0.917 

(p = 0.001) 

-0.723 

(p = 0.432) 
0.955 

(p < 0.001) 

0.213 

(p = 0.613) 

-0.600 

(p = 0.116) 

Bacterial 

Concentration (ml-1) 

Offshore 
0.952 

(p < 0.001) 

-0.002 

(p = 0.563) 
0.949 

(p < 0.001) 

0.348 

(p = 0.399) 
-0.777 

(p = 0.023) 

Nearshore 
0.654 

(p = 0.079) 

0.325 

(p = 0.072) 

0.368 

(p = 0.369) 
0.873 

(p = 0.005) 

-0.804 

(p = 0.016) 

FIC 

Offshore 
0.459 

(p = 0.253) 

0.136 

(p = 0.749) 

0.458 

(p = 0.254) 

0.358 

(p = 0.385) 

-0.632 

(p = 0.093) 

Nearshore 
0.404 

(p = 0.321) 

0.320 

(p = 0.440) 

0.338 

(p = 0.412) 

0.125 

(p = 0.768) 

-0.459 

(p = 0.253) 

VBR 

Offshore 
0.458 

(p = 0.254) 

-0.335 

(p = 0.417) 

0.444 

(p = 0.270) 

0.536 

(p = 0.171) 

-0.507 

(p = 0.200) 

Nearshore 
0.844 

(p = 0.008) 

0.160 

(p = 0.706) 
0.979 

(p < 0.001) 

-0.092 

(p = 0.829) 

-0.406 

(p = 0.318) 

 

Table 2. Pearson correlation coefficients for relationships between morphotype and 

environmental variables for both stations. Correlation with p-values <0.05 are highlighted in 

bold. 

 Station 
Temperature 

(ºC) 

Salinity 

(psu) 

Oxygen 

(µmol kg-1) 

Fluorescence 

(fsu) 

Depth 

(m) 

Myoviruses (%) 

Offshore 
0.889 

(p = 0.003) 

0.201 

(p = 0.634) 
0.958 

(p < 0.001) 

0.338 

(p = 0.413) 

-0.641 

(p = 0.087) 

Nearshore 
0.862 

(p = 0.006) 

0.537 

(p = 0.170) 

0.646 

(p < 0.084) 

0.537 

(p = 0.170) 
-0.807 

(p = 0.015) 

Siphoviruses (%) 

Offshore 
0.597 

(p = 0.118) 

0.124 

(p = 0.771) 
0.771 

(p = 0.025) 

0.186 

(p = 0.659) 

-0.384 

(p = 0.348) 

Nearshore 
0.87 

(p = 0.005) 

0.468 

(p = 0.242) 
0.769 

(p = 0.026) 

-0.016 

(p = 0.970) 
-0.707 

(p = 0.050) 

Podoviruses (%) 

Offshore 
-0.087 

(p = 0.839) 

-0.493 

(p = 0.215) 

0.289 

(p = 0.488) 

0.343 

(p = 0.405) 

0.260 

(p = 0.533) 

Nearshore 
0.130 

(p = 0.760) 

0.027 

(p = 0.949) 

-0.210 

(p = 0.618) 

0.365 

(p = 0.374) 

-0.444 

(p = 0.270) 

Non-Tailed Viruses 

(%) 

Offshore 
-0.798 

(p = 0.018) 

-0.112 

(p = 0.793) 
-0.941 

(p < 0.001) 

-0.348 

(p = 0.399) 

0.538 

(p = 0.169) 

Nearshore 
-0.845 

(p = 0.008) 

-0.504 

(p = 0.203) 

-0.601 

(p = 0.115) 

-0.476 

(p = 0.233) 
0.827 

(p = 0.011) 
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Figure 1. Depth profiles showing temperature (shown in blue) and salinity (shown in black) for 

both the nearshore and offshore stations. 

 
Figure 2. Depth profiles showing oxygen content (shown in black) and chlorophyll fluorescence 

(shown in green) for both the nearshore and offshore stations. 
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Figure 3. Depth profiles of virus concentrations for both the offshore and nearshore stations. 

Error bars are standard deviation of triplicate samples.  

 
Figure 4. Depth profiles of bacteria concentrations for both the offshore and nearshore stations. 

Error bars are standard deviation of triplicate samples.  

 



12 
 

 
Figure 5. Depth profiles of virus to bacterium ratios for both the offshore and nearshore stations. 

Error bars are standard deviation of triplicate samples.  

  

 
Figure 6. Depth profiles of the frequency of infected cells for both the offshore and nearshore 

stations.  
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Figure 7. Images of the four morphotypes seen (a, myovirus; b, podovirus; c, siphovirus; d, non-

tailed virus). Scale bar – 100nm. 

 

 
Figure 8. Depth profiles of viral morphotypes for both the offshore and nearshore stations. Black 

indicates the percent of myoviruses observed, red represent siphoviruses, green podoviruses, and 

yellow non-tailed viruses. 
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Figure 9. Capsid width distributions from the offshore station at depths 5m (a), 30m (b), 60m (c), 

85m (d), 130m (e), 300m (f), 800m (g), and 1,000m (h).  
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Figure 10. Capsid width distributions from the nearshore station at depths 5m (a), 30m (b), 60m 

(c), 85m (d), 100m (e), 300m (f), 800m (g), and 1,000m (h).   
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Figure 11. Correspondence analysis comparing viral communities based on capsid width 

distributions for all samples. Percent of total inertia explained by CA1 and CA2 are reported on 

the axes. 
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Figure 12. Response surfaces for temperature, oxygen, chlorophyll a, and depth in the 

correspondence analysis to determine variables that explain differences in viral community 

structure. 
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