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ABSTRACT 

Aquatic habitats are dominated by microbial life and these microbial communities are 

responsible for the major biogeochemical cycles within these environments. Using molecular 

biological techniques we set out to examine the activity and diversity of these microbial 

communities within a variety of aquatic ecosystems. First, we examined the relative expression 

of key respiratory genes from plankton metatrancriptomic libraries prepared from samples over 

an oxygen gradient. These samples demonstrated changes consistent with energetically favorable 

terminal electron acceptor availability and we show that, rather than abrupt transitions between 

terminal electron acceptors, there is substantial overlap in time and space of these various 

anaerobic respiratory processes in Chesapeake Bay. 

Second, metatranscriptomes of four major Chesapeake Bay tributaries, the Choptank, James, 

Potomac and Susquehanna Rivers were annotated to characterize active microbial communities 

within these environments. Annotations for reads mapped to bacterial and archaeal transcripts 

were highly similar between rivers (~17 ±3% Archaeal and ~83 ± 3% Bacterial). Because 

nutrient loading from rivers is a major factor driving anoxia and general biological health within 

Chesapeake Bay, we also examined the relationship between the active microbial communities in 

the riverine samples to those within the bay. We found that although oxic waters within the 

Chesapeake Bay vary taxonomically from those within the rivers, functionally these 

communities are dominated by transcripts related to cell growth, transport and photosynthesis.  

Finally, we examined viral and bacterial dynamics along a latitudinal transect in the Atlantic 

Ocean from approximately 10N to 40S. Viral abundance decreased with depth and was highly 

correlated to bacterial abundance. Viral-size fraction DNA was used to quantify the abundance 

of two pelagiphages, using pelagiphage-specific primers along this transect. We found that 



 

 

HTVC010P, a member of a podoviridae sub-family, was most abundant in surface waters. 

HTVC008M, a T4-like myovirus, was present in the deep chlorophyll maximum, although it was 

not as highly abundant as HTVC010P in surface waters. Interestingly, HTVC008M was only 

present at a few of the most southern stations, suggesting latitudinal biogeography dynamics of 

SAR11 phages. Additionally, viral production experiments provide evidence that HTVC008M 

may be temperate.  

 



v 

 

BIOGRAPHICAL SKETCH 

 

Erin was born in Anchorage, Alaska and grew up exploring and adventuring in the Last Frontier. 

She developed a love of the natural world at an early age on family trips exploring intertidal 

zones and hiking through diverse mountain terrain. No summer was complete without a family 

rafting trip down the Gulkana River. Attending Steller Secondary School provided a self-directed 

environment that shaped Erin’s interests in a broad variety of scientific topics, from an internship 

with a general surgeon to sea otter dissection. She sought to explore and understand the world 

around her in any way she could. 

After graduating from high school, Erin attended Hampshire College where her interest in nature 

was focused on the microbial world. She was lucky to work with Dr. Jason Tor on a number of 

interesting research projects with microbes from extreme environments. Starting off with an 

independent study on arsenic reducing bacterial biofilms, her focus shifted to iron and 

manganese reducers that contribute to desert varnish formation. Through an American Society 

for Microbiology Undergraduate Research Fellowship she was able to spend a summer working 

on desert varnish microbial communities which was the topic of her senior thesis project. 

After graduation from Hampshire, she found herself working for civil engineer Dr. Thomas 

Ravens at University of Alaska Anchorage. This was a great opportunity to broaden her horizons 

and work on a number of climate change related issues in Alaska, including assessment of 

coastal erosion, and feasibility studies for hydrokinetic renewable energy in rural villages. The 

world of microbial ecology was never far from her mind and she made the decision leave Alaska 

a second time to attend graduate school.  

In 2010 she entered the Microbiology Department at Cornell University to work in the laboratory 

of Dr. Ian Hewson. In her time at Cornell University, Erin has participated in a number of 

research projects investigating microbial ecology in aquatic environments. She took a two day 

whirlwind road trip around the Chesapeake Bay collecting water samples from four major rivers, 

and spent a week onboard the R/V Sharp assessing microbial ecology of the main channel of the 

Bay. Perhaps the most memorable was the research cruise on the R/V Knorr, where she spent 

seven weeks at sea researching viral ecology in the open ocean off the coast of South America.  

Her time working on research in the department has also been balanced with unique and 

memorable teaching opportunities, both as teaching assistant in the Department of Microbiology 

at Cornell University and Marine Biological Laboratory. It was during these teaching 

opportunities that Erin discovered her love for teaching. She plans to continue to explore the 

natural world through scientific inquiry and encourage young scholars to do the same.   



vi 

 

DEDICATION 

 

 

 

 

 

 

 

“No…landscape that I have seen holds anything truly dead or dull, or any trace of 

what in manufactories is called rubbish or waste; everything is perfectly clean and 

pure and full of divine lessons…When we try to pick out anything 

by itself, we find it hitched to everything else in the universe.”  

-John Muir, My First Summer in the Sierra (p. 211) 

 

This dissertation is dedicated to those who inspire me to explore the natural world. 

 

 

  



vii 

 

ACKNOWLEDGEMENTS 

 

I would like to start by thanking my PhD committee members. My advisor Dr. Ian Hewson has 

provided unique research opportunities, scientific guidance and leadership, and the appropriate 

levity needed in tough situations. Dr. Daniel Buckley has guided me with research advice, 

always asking the tough questions and keeping me on my toes, and has allowed me to grow as a 

teacher through courses at Cornell University and Marine Biological Laboratory. Dr. Jed Sparks 

has expanded my interests in ecology, and has helped me keep the big picture in mind. For all of 

their support, advice and dedication I am extremely grateful.  

Technical support of this research was provided by Dr. Daniel Lee and the Cornwell and Crump 

labs (Chesapeake Bay nutrient analysis and manuscript revisions); Sheila Saia (river nutrient 

analysis, Chesapeake Bay map); Douglas Moyer (USGS long-term river chemical data); and the 

many lab groups that participated on the R/V Knorr KN210-04 cruise, especially the Kujawinski 

and VanMooy groups. Thanks are also due to the wonderful crews of the R/V Sharp and R/V 

Knorr. Funding for this research came from the National Science Foundation (grants OCE-

0961894 and OCE-0961920), a small grant from the Cross-scale IGERT, and Cornell Graduate 

School Travel and Conference Grants. 

While research has been a major focus of my time at Cornell University, I have also found my 

passion for teaching and would like to acknowledge the incredible teaching faculty and staff who 

have supported me in these efforts. Sue Merkel is an inspiration, and I hope to continue in her 

footsteps. Barb Eaglesham, Carole Rehkugler and Rania Abou-Kandil have been incredibly 

helpful in both practical and moral teaching support. Drs. Dan Buckley and Steve Zinder gave 

me the wonderful opportunity to TA for Microbial Diversity in Woods Hole, and that is an 

experience I will never forget. Finally, I’m thankful to Drs. Dan Buckley and Esther Angert for 

including me in their process of re-envisioning BioMI 2900, I’ve learned a lot about developing 

and running, a large lecture course.  

This PhD would not have been possible without my incredible Ithaca support network. I am 

indebted to Julie Brown, Sheila Saia, Armanda Roco, Ashley Campbell, Mallory Choudoir, 

Annie Otwell, Chuck Pepe-Ranney, Thea Whitman, Ashwana Fricker, Team Aquatic Virus past 

and present (James Eaglesham, Brent Gudenkauf, Jacqueline Jansz, Jason Button, Kalia Bistolas, 



viii 

 

Elliot Jackson, Phil Thompson, and Jorge Barbosa), for all of their support, both moral and 

academic. Additionally, the staff of Wing Hall has made this process as smooth as possible, and I 

would like to thank Shirley Cramer, Patti Butler, Cathy Shappell, Lillian Henry and Michelle 

Carr, for all of their help and encouragement along the way. The Ithaca experience would not 

have been complete without Townies ultimate, IAUA, #tubinforabruisin, and warm summer 

afternoons in the u-pick gardens at Full Plate Farm Collective. I also would not have gotten 

through this process without copious handfuls of Ghirardelli chocolate chips. 

Moving 5000 miles from home is never easy, but the long-distance support provided the past five 

years by my family is immeasurable. Mom, Dad, Galen and Seth, thank you for your love, 

humor and unending support, this journey would have been much harder without it. Last, but not 

least, I’m incredibly thankful to Sam Byrne for his love, support and wit. 

  



ix 

 

TABLE OF CONTENTS 

 

BIOGRAPHICAL SKETCH .......................................................................................................... v 

DEDICATION ............................................................................................................................... vi 

ACKNOWLEDGEMENTS .......................................................................................................... vii 

TABLE OF CONTENTS ............................................................................................................... ix 

LIST OF FIGURES ....................................................................................................................... xi 

LIST OF TABLES ........................................................................................................................ xii 

Chapter 1 INTRODUCTION .......................................................................................................... 1 

WORKS CITED ......................................................................................................................... 8 

Chapter 2 KEY RESPIRATORY GENES ELUCIDATE BACTERIAL COMMUNITY 

RESPIRATION IN A SEASONALLY ANOXIC ESTUARY .................................................... 13 

ABSTRACT .............................................................................................................................. 13 

INTRODUCTION .................................................................................................................... 14 

RESULTS AND DISCUSSION ............................................................................................... 16 

MATERIALS AND METHODS .............................................................................................. 33 

WORKS CITED ....................................................................................................................... 39 

Chapter 3 RIVERINE MICROBIAL COMMUNITY METATRANSCRIPTOMES FROM 

MAJOR TRIBUTARIES SHOW TAXONOMIC AND FUNCTIONAL SIMILARITY TO 

BACTERIOPLANKTON COMMUNITIES WITHIN CHESAPEAKE BAY ............................ 46 

ABSTRACT .............................................................................................................................. 46 

INTRODUCTION .................................................................................................................... 47 

METHODS AND MATERIALS .............................................................................................. 48 

RESULTS ................................................................................................................................. 52 

DISCUSSION ........................................................................................................................... 59 

CONCLUSION ......................................................................................................................... 61 

WORKS CITED ....................................................................................................................... 63 

Chapter 4  VIRAL AND BACTERIAL ABUNDANCE AND ‘PELAGIPHAGE’ DYNAMICS 

ALONG A LATITUDINAL TRANSECT IN THE NORTH AND SOUTH ATLANTIC 

OCEANS....................................................................................................................................... 66 

ABSTRACT .............................................................................................................................. 66 

INTRODUCTION .................................................................................................................... 67 



x 

 

MATERIALS AND METHODS .............................................................................................. 69 

RESULTS ................................................................................................................................. 73 

DISCUSSION ........................................................................................................................... 79 

CONCLUSIONS....................................................................................................................... 83 

WORKS CITED ....................................................................................................................... 86 

Chapter 5 CONCLUSIONS .......................................................................................................... 89 

APPENDIX I ................................................................................................................................ 94 

 

  



xi 

 

LIST OF FIGURES 

 

Figure 2.1 Transcript abundance for housekeeping genes rpoB(●), recA(▲) and glyA(■)........ 18 

 

Figure 2.2 Transcript ratios for (A) denitrification and (B) DNRA............................................. 22 

 

Figure 2.3 Transcript ratios (♦) and measurements of SRP (■), Mn(II) (▲) and sulfide (●) for 

(A) dissimilatory metal reduction and (B) dissimilatory sulfate reduction transcript database 

results ............................................................................................................................................ 27 

 

Figure 2.4 Transcript ratios for cytochromes (♦, dashed line error bar), low oxygen cytochromes 

(■, dash dot line error bar) and reactive oxygen species (▲, solid line error bar), and oxygen 

concentration (X) .......................................................................................................................... 29 

 

Figure 3.1 Map of sampling locations. ........................................................................................ 49 

 

Figure 3.2 Multidimensional scaling analysis (PCoA) of river data by RefSeq annotation of 

domain (■), phylum (▲) and function (●). Rivers are denoted by color. .................................... 55 

 

Figure 3.3 Metatranscriptomic reads by bacterial and archaeal phyla. ........................................ 56 

 

Figure 3.4 Top metatranscriptomic functional hits by river (A) and mid-channel CB data (B) .. 57 

 

Figure 3.5 Key respiratory gene hits for river metatranscriptomes, normalized to housekeeping 

genes ............................................................................................................................................. 58 

 

Figure 4.1 Cruise track and stations occupied (black dots) during the research cruise KN210-04 

between March and May 2013. Data were plotted in Ocean Data View 4. .................................. 70 

 

Figure 4.2 Relationship between log viral abundance and log bacterial abundance by water 

mass............................................................................................................................................... 76 

 

Figure 4.3 Copy number in surface water and the DCM of pelagiphage HTVC008M (A) and 

pelagiphage HTVC010P (B) along the Atlantic Ocean latitudinal transect from 10N to 40S ..... 78 

 

Figure 4.4 Mean viral and bacterial counts (A) and HTVC008M copy number results (B) from 

viral production experiments. Solid black line indicates limit of detection for HTVC008M ...... 80 

 

 

file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925758
file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925761
file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925767
file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925767


xii 

 

LIST OF TABLES 

Table 2.1 Spearman’s rho values for transcript ratios and chemical measurements. ................... 20 

 

Table 2.2 Top phylogenetic hits for each respiratory database. Top hits represent the organism 

associated with the protein that had the highest representation measured as percent reads and 

then by lowest E-value. The top five representative organisms are listed; fewer than five are 

listed if there were repeating organisms. ...................................................................................... 21 

 

Table 2.3 Metatranscriptome characteristics for Chesapeake Bay bottom waters 2010. Data on 

metatranscriptome library characteristics adapted from Hewson et al. (2014). ........................... 35 

 

Table 2.4 Genes curated for respiratory gene databases. Databases include only active-site 

containing subunits (i.e. napA and narG). The denitrification database includes cytochromes 

associated with denitrifying organisms. ........................................................................................ 37 

 

Table 3.1 Physicochemical and metatranscriptomic characteristics of the four riverine samples 53 

 

Table 3.2 Goodness of fit for MDS ordination at the level of domain, phylum and function. .... 55 

 

Table 4.1 Pelagiphage qPCR primers, probes and standards for HTVC008M and HTVC010P. 72 

 

Table 4.2 Mean physicochemical paramters and viral, bacterial and pelagiphage abundance by 

water mass. .................................................................................................................................... 74 

 

Table 4.3 Regression analyses with different parameters explaining log viral abundance.......... 77 

 

 

 

file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925924
file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925924
file:///C:/Users/Erin/Dropbox/Dissertation/TitleContentsEtc/Title%20Page.docx%23_Toc417925925


1 

 

Chapter 1 

INTRODUCTION 

Microbial communities are the catalysts for diverse biogeochemical cycles around the world 

(Falkowski et al., 2008). Aquatic environments are teeming with microbial life and have 

provided an ideal system for scientists to investigate these processes. While many canonical 

ecological tools of observation lack the resolution needed by microbial ecologists, many 

molecular techniques are now available to identify who, where and what these communities are 

doing. This level of understanding has been catapulted forward by major advances in DNA 

sequencing technology over the last several years. The research presented here applies –omic, 

and –omic related, techniques to further understand and characterize bacterial and viral 

communities in different aquatic habitats, from rivers to an estuary to the open ocean.  

Through random sequencing of transcripts (i.e. metatranscriptomics) researchers have been able 

to analyze physiologically active microbial communities. This technique has become ubiquitous 

with the advances in sequencing capabilities, cheaper costs of sequencing, increased computing 

power and data analysis pipelines. Unlike many previous molecular methods for mRNA analysis, 

metatranscriptomes are able to characterize the active component of microbial communities 

without prior information. These large datasets provide both discovery-based and hypothesis-

driven research opportunities and can be applied to diverse environments. The work presented in 

this dissertation focuses on three environments and uses metatranscriptomics, among other 

molecular techniques, to investigate the roles of bacteria and viruses in these systems. A majority 

of this research focused on the Chesapeake Bay and four major rivers in Chesapeake Bay 

watershed.  We investigated the active microbial communities in Chesapeake Bay and its 

surrounding rivers to answer questions about seasonal anoxia effects on microbial respiration and 

the differences between active communities in the surrounding rivers and the bay.  
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Additionally, we explored viral dynamics along a latitudinal transect in the North and South 

Atlantic. This included tracking two populations of phage that infect a clade of ubiquitous 

marine bacteria along the latitudinal transect and in mesocosm experiments. 

Numerous coastal regions and estuaries around the world experience extreme seasonal variation 

in oxygen concentration. The Chesapeake Bay is a dynamic ecosystem with a massive 

watershed. Seasonal anoxia in bottom waters of the bay is driven by eutrophication and water 

column stratification. Poor health of Chesapeake Bay is associated with die off events of 

commercially relevant fish populations as well as decreases in habitat for many juvenile species. 

Many microbes respire aerobically; however, they are also capable carrying out anaerobic 

respiration using an extraordinary variety of terminal electron acceptors. As such, we 

investigated the overall differences in community level activity between oxic and anoxic waters 

in Chesapeake Bay (Appendix 1); characterized specific changes in anaerobic respiratory 

processes (Chapter 2); and examined differences among community gene expression in four 

major tributaries that enter Chesapeake Bay (Chapter 3). 

Biological communities in the oligotrophic open ocean are dominated by microbes. Candidatus 

Pelagibacter ubique is a member of the SAR11 clade of the alphaproteobacteria. SAR11 are 

estimated to make up 20-50% of bacterioplankton in the oceans (Morris et al., 2002a)and contain 

the smallest known genome of a free-living bacterium (Giovannoni et al., 2005). Given their 

wide distribution and high abundance the lack of characterized viruses of these bacteria was 

perplexing until a recent paper identified four novel bacteriophage genomes (Zhao et al., 2013). 

On a latitudinal transect from approximately 10N to 40S in the Atlantic Ocean we tracked totally 

viral and bacterial abundance, and also investigated the presence of two recently described 

bacteriophage of Candidatus Pelagibacter ubique (Chapter 4). 
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Advances in mRNA techniques 

Much of the –omic revolution rests on the tenets of the central dogma, whereby we rely on 

biomarkers to inform us of who is there (i.e. DNA), who is active (i.e. RNA) and what they are 

doing (i.e. protein). Many methods have been used to study active microbial communities 

through RNA. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) has been 

a tool used to study expression of particular genes of interest in various processes. 

Environmental microbial studies have used RT-qPCR for myriad applications including fecal 

contamination in marine sediments (Luna et al., 2012), presence of sulfate reducing bacteria in 

coral disease (Bourne et al., 2011), characterizing nitrogen cycle metabolism (Graham et al., 

2011), and nitrogen fixation in the ocean (Turk et al., 2011; Church et al., 2005). A number of 

studies first tested samples to find good reference genes for comparison to other genes of interest 

that might be differentially expressed (Nielsen and Boye, 2005; Løvdal and Saha, 2014; Thomas 

et al., 2011). RT-qPCR is very useful for identifying the presence of one gene, but in many 

environments it is important to characterize more than one gene. An initial step in this direction 

was the use of microarrays, which allowed researchers to probe of multiple genes of interest. 

Less extensively used in environmental microbial ecology, a microarray was developed for 

nitrogen cycle genes of interest (Taroncher-Oldenburg et al., 2003), as well as profiling soil 

communities (McGrath et al., 2010) or characterizing fermentation pathways of lactic acid 

bacteria in sourdough (Weckx et al., 2010). 

Depending on the question, RT-qPCR and microarray techniques may be suitable, however when 

investigating diverse community gene expression, a priori, metatranscriptomics has proved very 

useful. Numerous studies have been presented in the last five years utilizing metatranscriptomic 

tools to investigate dissolved organic matter metabolism and transport (Poretsky et al., 2010; 
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McCarren et al., 2010); nitrogen processes like ammonia-oxidation and nitrogen-fixation in 

estuaries and the open ocean (Hollibaugh et al., 2011; Hilton et al., 2014; Hewson et al., 2009); 

response to the Deepwater Horizon oil spill (Rivers et al., 2013); deep-sea hydrothermal vents 

(Urich et al., 2014); and applications is soil are emerging (Fierer et al., 2012; Carvalhais et al., 

2012). In addition to broad picture community characterization, RNA sequencing has been 

utilized to investigate specific differences in community gene expression, such as spatial and diel 

patterns in the open ocean (Hewson et al., 2010; Poretsky et al., 2009), phytoplankton bloom 

conditions (Rinta-Kanto et al., 2011), and microspatial community differences in the Amazon 

River Plume (Satinsky et al., 2014). 

Metagenomic techniques have been used to characterize bacterial communities along various 

environmental gradients (i.e. spatial, seasonal, salinity, etc.) (Fortunato et al., 2013; Pachiadaki et 

al., 2014; Héry et al., 2014; Bolhuis et al., 2014) however, to our knowledge, active microbial 

communities had not previously been investigated over the seasonal oxygen gradient in 

Chesapeake Bay, or its major tributaries.  

Chesapeake Bay and its watershed 

Controlling pollution of Chesapeake Bay water has been the focus of many restoration projects at 

the Federal, State and local government level, however slow progress with this issue resulted in 

an executive order from President Barack Obama in 2009 to place the Federal government in 

charge of renewed efforts to make Chesapeake Bay “fishable and swimmable,” goals set out by 

the Clean Water Act of 1972. It has long been known that anthropogenic influences have a large 

role in this estuary, and that European settlement in the area is coincident with increased 

sedimentation, eutrophication and anoxia in Chesapeake Bay (Cooper and Brush, 1993). Three 
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rivers, the Susquehanna, Potomac and James, contribute more than 80% of freshwater to 

Chesapeake Bay and, if we include the Choptank River as well, account for ~96% of total 

nitrogen load and ~88% of total phosphorous load to the bay (Belval and Sprague, 1999). Since 

microbes mediate the majority of biogeochemical processes, understanding active microbial 

community dynamics in both the Chesapeake Bay and its surrounding rivers is critical to our 

understanding of the dynamic Chesapeake Bay ecosystem.  

Our initial aim was to characterize total differences in gene expression over an oxic-anoxic-oxic 

cycle in the mid-channel waters of Chesapeake Bay. Using mRNA as our biomarker for active 

microbial communities, this study analyzed 34 metatranscriptomes and assessed major 

differences between oxic surface and bottom waters as well as contrasting oxic water with anoxic 

waters (Hewson et al., 2014) (Appendix 1). Given the ability of microbes to use diverse terminal 

electron acceptors in anaerobic respiration we hypothesized that with decreasing levels of 

oxygen in the bottom waters we would see coincident changes in gene expression of the 

respiratory processes. In order to investigate this hypothesis specific key respiratory gene 

databases were developed before comparing bottom water metatranscriptomes over the oxygen 

gradient against them (Chapter 2). Finally, we investigated the active microbial communities in 

four Chesapeake Bay tributaries to assess how upstream processes and communities relate to 

those found in the mid-channel of the bay (Chapter 3). By understanding upstream processes and 

those within the bay we provide a context for future microbial and biogeochemical analysis in 

the bay. As restoration strategies continue to be implemented in Chesapeake Bay and its 

watershed, and as climate change impacts are assessed, this information will provide a starting 

context for future interpretations of the active microbial communities in this ecosystem. 

Open ocean dynamics of viruses and their hosts 
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Viruses are abundant, diverse, and play a dynamic role in aquatic ecosystems (Brum and 

Sullivan, 2015; Breitbart, 2012). The sheer number of viruses in the ocean, accompanied by the 

discovery that they affect dominant organisms in the ocean, inspired a new wave of research into 

these nanoscale populations (Bergh et al., 1989; Proctor and Fuhrman, 1990; Suttle et al., 1990). 

In marine ecosystems they have major implications for biogeochemical cycling and food web 

dynamics (Wommack and Colwell, 2000a; Brussaard et al., 2008). They also play a critical role 

in bacterioplankton community structure and have important roles in maintaining bacterial 

biodiversity (Parada et al., 2008; Middelboe et al., 2001). The dynamics of bacteriophage 

interactions with their bacterial hosts has been a central question in marine virology for the last 

~20 years, along with exploration of the diversity and other characteristics of these phage. 

Studies have provided insight into biogeographic patterns of different viral populations (Huang 

et al., 2015), variation in global and local viral morphology (Brum et al., 2013), links between 

viral dynamics and environmental biotic and abiotic factors (Winter et al., 2008; Kelly et al., 

2013) and addressing temporal and regional patterns in viral and host populations (Needham et 

al., 2013; Parada et al., 2008; De Corte et al., 2012). Additionally, theories have arisen for 

coevolution of phage with their host. From the kill-the-winner strategy (Thingstad, 2000), a 

frequency-dependent selection of phage given host abundance; to a strategy Prochlorochoccus 

employ by reducing effective population size that is able to be infected by viruses as controlled 

by genomic diversity on genomic islands (Avrani et al., 2011). The most abundant bacteria in the 

ocean are from the SAR11 clade, and the dynamics of SAR11 population structure and control 

have been heavily debated since, until recently, no phage of SAR11 had been described. In 2013, 

four genomes of viruses infecting Candidatus Pelagibacter ubique, i.e. pelagiphage, were 

characterized (Zhao et al., 2013) and were found to be highly abundant in samples from diverse 
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marine environments. The research community is now working towards an understanding of how 

these viruses impact these highly abundant microbial communities (Våge et al., 2013). 

Chapter 4 of this dissertation aims to characterize the dynamics between viruses and their hosts, 

as well investigate the dynamics of two pelagiphage in epipelagic waters along a latitudinal 

transect in the Atlantic Ocean from approximately 10N to 40S. We use microscopy, as well as 

targeted qPCR for viral genes, to look at abundance of viral like particles, bacterioplankton, and 

to track the abundance of two pelagiphage, HTVC008M (a myovirus) and HTVC010P (a 

member of a podoviridae sub-family). 

The following chapters of this dissertation address specific hypotheses and questions based in 

three ecosystems: the Chesapeake Bay, four rivers surrounding the Chesapeake Bay and the 

Atlantic Ocean using a variety of molecular techniques. These results suggest the application of 

metatranscriptomics and qPCR to be useful tools for investigating questions related to active 

microbial communities in the waters surrounding and within Chesapeake Bay, and the presence 

of two pelagiphage using novel sets of primers. We find that the active microbial community 

responds to seasonal anoxia in Chesapeake Bay by transitioning to utilization of alternative 

electron acceptors such as nitrogen species, metals and sulfate. The active riverine communities 

surrounding Chesapeake Bay show similar dominant cellular processes to those within oxic mid-

channel bay location but have some taxonomic differences. Viral abundance in characterized in 

large part by bacterial abundance and water mass in the latitudinal transect through the North and 

South Atlantic. We also found a high abundance of a pelagiphage in both surface waters and 

within mesocosm experiments. This research also provides the opportunity to consider research 

gaps within the field of microbial ecology and the conclusions presented in Chapter 5 discuss 
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some of these gaps, as well as providing possible solutions, for this type of research moving 

forward. 
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Chapter 2 2 

KEY RESPIRATORY GENES ELUCIDATE BACTERIAL COMMUNITY RESPIRATION IN 

A SEASONALLY ANOXIC ESTUARY
1
 

 

ABSTRACT 

Intense annual spring phytoplankton blooms and thermohaline stratification lead to anoxia in 

Chesapeake Bay bottom waters. Once oxygen becomes depleted in the system, microbial 

communities use energetically favorable alternative electron acceptors for respiration. The extent 

to which changes in respiration are reflected in community gene expression have only recently 

been investigated. Metatranscriptomes prepared from near-bottom water plankton over a four 

month time series in central Chesapeake Bay demonstrated changes consistent with terminal 

electron acceptor availability. The frequency of respiration-related genes in metatranscriptomes 

was examined by BLASTx against curated databases of genes intimately and exclusively 

involved in specific electron acceptor utilization pathways. The relative expression of genes 

involved in denitrification and dissimilatory nitrate reduction to ammonium were coincident with 

changes in nitrate, nitrite and ammonium concentrations. Dissimilatory iron and manganese 

reduction transcript ratios increase during anoxic conditions and corresponded with the highest 

soluble reactive phosphate and manganese concentrations. The sulfide concentration peaked in 

late July and early August and also matched dissimilatory sulfate reduction transcript ratios. We 

show that rather than abrupt transitions between terminal electron acceptors, there seems to be 

substantial overlap in time and space of these various anaerobic respiratory processes in 

Chesapeake Bay. 

                                                 
1
 Eggleston, E. M., Lee, D. Y., Owens, M. S., Cornwell, J. C., Crump, B. C., and Hewson, I. 

(2015). Key respiratory genes elucidate bacterial community respiration in a seasonally anoxic 

estuary. Environ. Microbiol. In press. Used here with permission from John Wiley and Sons 

under license number 3614251289553. 
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INTRODUCTION 

Estuaries and coastal regions worldwide experience drastic seasonal variation in the oxygen 

content of their waters. Over 400 ‘dead zones’ (i.e., hypoxic and anoxic waters) associated with 

eutrophication have been described around the world, with still more being reported every year 

(Diaz and Rosenberg, 2008). Eutrophication is also associated with low secondary production 

and benthic fauna mortality, which greatly impacts carbon cycling in these systems. Numerous 

estuaries in the United States are affected by eutrophication and become seasonally anoxic 

(Bricker et al., 1999). Chesapeake Bay (CB) is the largest estuary in North America, with a 

watershed that encompasses over 165,760 km
2
 and includes six states. CB shows a strong 

relationship between nutrient loading and anoxia, with ample sources of agricultural and 

anthropogenic effluent throughout the watershed (Hagy et al., 2004). High nutrient loading leads 

to phytoplankton blooms, increased labile carbon pools, and increased heterotrophic community 

respiration that depletes dissolved oxygen below the pycnocline (Boicourt, 1992). This causes 

bottom waters to become hypoxic (0.2-2mg l
-1

 oxygen) and ultimately anoxic (<0.2mg l
-1

). 

Stratigraphic records obtained via sediment coring show historical increases in sedimentation, 

eutrophication and anoxic conditions in CB after European colonization (Cooper and Brush, 

1993; 1991). It is predicted that the extent and duration of hypoxia in CB will continue to 

increase as climate change impacts carbon dioxide concentrations, sea level, water temperature 

and frequency of flooding and storm events (Najjar et al., 2010).  

While there are significant negative impacts on higher trophic levels including commercially and 

recreationally important organisms (Bricker et al., 1999; Cooper and Brush, 1993), the microbial 

communities of CB thrive throughout seasonal anoxia (Crump et al., 2007a; Hewson et al., 

2014), and in some cases bacterial abundance increases during periods of anoxia due to 
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decreases in predation (Hofle and Brettar, 1995). Microbes do not suffer these negative impacts 

as they are capable of using diverse terminal electron acceptors in their respiratory processes 

(Borisov and Verkhovsky, 2013; Li et al., 2011; Ward et al., 2009; Morozkina and Zvyagilskaya, 

2007; Suzuki et al., 2006; Nakagawa et al., 2004; Beliaev and Saffarini, 1998). Oxygen 

respiration yields the most energy, and therefore aerobic respiration should occur as long as 

oxygen is available (Poole and Cook, 2000). Not all organisms are capable of carrying out 

respiration in variable oxygen gradient conditions. Some microbes span the microaerophilic to 

aerotolerant niches and, within an environment, the successional community structure based on 

available terminal electron acceptors should structure the community-level respiratory processes 

(Morris and Schmidt, 2013). Microbes drive biogeochemical reactions and are paramount in 

nutrient cycling. Understanding successional respiration will provide insight into biogeochemical 

and biological factors that drive many of the processes. A key question in the study of bacterial 

gene expression is how to elucidate these respiratory processes to examine successional use of 

energetically favorable terminal electron acceptors to better understand these communities. 

Advances in sequencing technologies have allowed researchers to target physiologically active 

members of microbial communities via random transcript sequencing (metatranscriptomics) 

applied to both aquatic and terrestrial environments (Baker et al., 2013; Hewson et al., 2010; 

Poretsky et al., 2009; de Menezes et al., 2012). Recently, community gene transcription by 

bacterioplankton in the CB was explored over an oxic-anoxic-oxic cycle, which found that the 

most extensive shifts in functional and phylogenetic composition of the transcript pool occurred 

during onset of hypoxic conditions (Hewson et al., 2014). The present study seeks to expand on 

this general analysis of metatranscriptomic gene expression patterns through a detailed 

examination of respiratory gene expression. We hypothesized that gene expression for 
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respiratory processes would vary relative to the most favorable terminal electron acceptor present 

in the bottom waters. Databases for key anaerobic respiratory processes were constructed with 

regard to successional respiration and information on changes in bottom water communities of 

an oxic-anoxic-oxic cycle (Crump et al., 2007a). Measurements of respiration rate, dissolved 

inorganic carbon (DIC), and respiratory products from a coincident study lend compelling 

evidence that below the oxycline microbial function and respiration is variable (Lee et al., 2014).  

This study additionally characterized the seasonal redox potential of the bottom waters which 

guided the hypotheses of the current study. Each gene database was comprised of suites of genes 

that are intimately and, to the best of our current knowledge, exclusively involved in respiration 

processes. Metatranscriptomic datasets from Chesapeake Bay bottom waters were queried 

against these databases to examine how seasonal anoxia affects key respiratory processes. The 

analyses presented here show that respiratory transcript ratios, from the onset of anoxia to 

pycnocline degradation and return to oxic conditions, follow expected redox trajectories for 

major processes including denitrification, dissimilatory nitrate reduction to ammonium, 

dissimilatory metal reduction and dissimilatory sulfate reduction. 

RESULTS AND DISCUSSION 

Bottom water samples were collected at a mid-channel mesohaline location in Chesapeake Bay 

for bacterioplankton and chemical analyses from May to October 2010. This temporal sampling 

encompassed the full oxygen gradient from oxic through anoxic and then reoxygenation. After 

filtering and freezing samples onboard the research vessel, mRNA was extracted and submitted 

for HiSeq Illumina sequencing (Table 2.3). Sequence data was assembled into contiguous 

sequences (contigs) in CLC Genomics Workbench with stringent parameters to confer higher 
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confidence in our annotation.  Contigs were queried against custom respiratory gene databases 

by BLASTx.  

Housekeeping genes 

Housekeeping gene transcripts (rpoB, recA and glyA) varied slightly from May to October 

(Figure 2.1). These genes have been identified previously in RT-qPCR studies in a variety of 

organisms as having stable expression over variable conditions (Løvdal and Saha, 2014; Thomas 

et al., 2011; Nielsen and Boye, 2005). Since we would expect uniform representation of 

housekeeping genes under varying oxygen conditions, this suggests that transcript coverage and 

identification may not be equal over time. All other respiratory gene databases (i.e., 

denitrification) were normalized by the average of reads associated with housekeeping genes to 

obtain a transcript ratio to account for coverage variation. This more accurately reflects coverage 

of transcripts assembled into contigs. Transcript abundance for these housekeeping gene 

transcripts was negatively correlated with oxygen concentrations using Spearman’s ρ (Table 

2.1).  However, the confidence intervals for relationship with oxygen includes zero, suggesting 

that no relationship is more likely than a correlation. We suggest that using housekeeping gene 

transcripts as a normalization factor results in accurate representation of gene expression changes 

for other gene database transcript ratios (i.e., denitrification). 
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Figure 2.1 Transcript abundance for housekeeping genes rpoB(●), recA(▲) and glyA(■). This 

value was used as a transcript normalization factor for transcript ratios to account for constitutive 

expression represented in transcript contig coverage. The normalization factor was calculated by 

taking the log of the number of reads associated with housekeeping genes. 

Nitrogen respiration 

Denitrification transcript ratios were variable throughout the year with highest values early in the 

summer and in late August (Figure 2.2A). The lowest transcript ratio for denitrification was in 

June, while the highest was at the end of August when nitrogen species increased in 

concentration. Top phylogenetic hits for denitrification (Table 2.2) are very diverse and reflect 

the availability of known and cultivated denitrifiers. Denitrification transcript ratios were most 

variable between duplicates during transition from oxic to hypoxic conditions and, therefore, it 

appears that this variability may result from redox transitions in available nitrogen (i.e., May to 

early June and during August). Surprisingly, denitrification-related transcript ratios decreased 

later in the season despite an increase in nitrite concentrations, indicating that perhaps 

nitrification rather than denitrification is more prevalent in October after bottom waters have re-
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oxygenated. Previous studies have examined the process of nitrification in coastal waters and 

near this study site in CB. Two major steps of nitrification require oxygen; however ammonium 

(NH4
+
 ) oxidation tends to occur at lower oxygen concentrations than nitrite (NO2

-
) oxidation 

(Henriksen and Kemp, 1988). In our dataset NO2
-
 concentration in bottom waters increases 

dramatically after pycnocline degradation when oxygen concentration starts to increase. 

Additionally, ammonium oxidizing bacteria are more efficient at fixing CO2, requiring only ~35 

mol NH4
+
 per mol CO2 for reducing power (Ward, 2008). In contrast, nitrite reducers need ~100 

mol NO2
-
 to fix a single mol of CO2. A previous study at a similar sampling location observed 

that the rate of NH4
+
 oxidation to nitrite was fivefold higher than the rate of nitrite oxidation 

(Horrigan et al., 1990). It is therefore possible that nitrifiers started to oxidize the NH4
+
 in the 

system prior to oxidation of NO2
-
 in October. Due to the variability in transcript ratios it is not 

possible to rule out that denitrification gene expression remains fairly constant in CB bottom 

waters from May to September. At the end of August, denitrification transcript ratios peaked, but 

nitrite concentrations are also very high, suggesting that denitrification could not remove all of 

the nitrogen from the system, or perhaps that there is another source of nitrite. Denitrification 

coupled to nitrification was observed first in CB (Jenkins and Kemp, 1984) and has since been 

reported across many environments.  This process ultimately leads to depletion of biologically 

available nitrogen in the system (Ferguson and Eyre, 2013; Mathieu et al., 2006; An and Joye, 

2001). These results could indicate that after the pycnocline degrades and oxygen is present, 

denitrification tapers off while nitrification (ammonia oxidation) continues leading to increased 

concentrations of nitrite. In previous analyses of these metatranscriptomes, archaeal amo gene 

transcripts related to Nitrosopumilus SCM1 increase dramatically at the end of summer  
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Table 2.1 Spearman’s rho values for transcript ratios and chemical measurements. 

 Oxygen NO
2

-

 NO
3

-

 NH4
+ SRP Mn(II) Sulfide 

Cytochromes 
0.29 

(-0.82, 0.96 ) 

0.32 

(-0.62, 1) 

0.21 

(-0.76, 0.96) 

-0.54 

(-1, 0.37) 

-0.29 

(-1, 0.69) 

-0.04 

(-1, 0.87) 

-0.49 

(-0.97, 0.14) 

Denitrification 
0.40 

(-0.76, 1) 

0.43 

(-0.41, 1) 

0.25 

(-0.65, 1) 

-0.61 

(-1, 0.32) 

-0.43 

(-1, 0.65) 

-0.14 

(-1, 0.83) 

-0.67 

(-0.99, -0.16) 

DNRA 
-0.72* 

(-1, 0.06) 

-0.36 

(-1, 0.65) 

-0.64 

(-1, 0.07) 

-0.11 

(-0.89, 0.96) 

0.75* 

( -0.07, 1) 

0.71* 

(-0.13, 1) 

0.49 

(-0.23, 0.99) 

Low-Oxygen 

Cytochromes 

-0.29 

(-0.92, 0.68) 

-0.07 

(-0.76, 1) 

-0.07 

(-1, 0.88) 

-0.14 

(-0.89, 0.96) 

0.18 

(-0.75, 0.96) 

0.25 

(-0.89, 1) 

0.04 

(-0.66, 0.92) 

Dissimilatory 

Metal 

Reduction 

-0.52 

(-1, 0.4) 

-0.67 

(-1, 0.21) 

0.43 

(-1, 0.65) 

0.04 

(-1, 0.76) 

0.36 

(-0.65, 1) 

0.14 

(-0.76, 0.88) 

0.58 

(-0.07, 0.91) 

ROS 
0.36 

(-0.78, 0.87) 

0 

(-0.89, 0.75) 

0.36 

(-0.89, 1) 

-0.32 

(-0.87, 0.69) 

-0.32 

(-1, 1) 

-0.14 

(-1, 0.65) 

0.13 

(-0.51, 0.81) 

Dissimilatory 

Sulfate 

Reduction 

-0.77** 

(-1, 0.06) 

-0.18 

(-1, 1) 

-0.82** 

(-1, 0.09) 

-0.36 

(-1, 0.76) 

0.61 

(-0.18, 0.96) 

0.79** 

(0.06, 1) 

0.45 

(-0.3, 0.91) 

Housekeeping1 
-0.74* 

(-1, 0.12) 

-0.4 

(-0.96, 0.7) 

-0.57 

(-1, 0.68) 

0.36 

(-0.7, 0.96) 

0.5 

(-0.37, 1) 

0.32 

(-0.75, 0.89) 

0.49 

(-0.16, 0.99) 

* p-value  < 0.1, ** p-value < 0.05, (95% confidence interval values are in parentheses) 
1Calculated using the relative transcript abundance, not the transcript ratios since those values would be 1 
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Table 2.2 Top phylogenetic hits for each respiratory database. Top hits represent the organism associated with the protein that had the 

highest representation measured as percent reads and then by lowest E-value. The top five representative organisms are listed; fewer 

than five are listed if there were repeating organisms.  

 

Database Top Phylogenetic Hit %ID Align Length E-value 

Denitrification Propionibacterium acnes 100 230 3.00E-119 

Denitrification Pelagibacter sp. (strain IMCC9063) 70.17 238 4.00E-168 

Denitrification Enterobacteriaceae RepID=E9Z0W4_ECOLX 51.11 45 7.00E-08 

Denitrification Phenylobacterium zucineum (strain HLK1) 43.01 558 6.00E-129 

Denitrification Shewanella sp. (strain MR-4) 30.21 192 1.00E-09 

DNRA Sulfitobacter sp. NAS-14.1, unfinished sequence: NZ_AALZ01000003 57.58 66 6.00E-14 

DNRA Porphyromonas gingivalis ATCC 33277: NC_010729 31.82 88 3.00E-04 

DNRA Haemophilus influenzae PittHH, unfinished sequence: NZ_AAZH01000003 22.59 239 8.00E-04 

Dissimilatory Metal Reduction Shewanella baltica OS117: CP002811 30.28 109 2.00E-05 

Dissimilatory Metal Reduction Shewanella sediminis HAW-EB3: NC_009831 28.33 60 7.00E-04 

Dissimilatory Metal Reduction Shewanella sp. HN-41 44_18: NZ_AFOZ01000018 21.36 103 5.00E-04 

Dissimilatory Sulfur Reduction Allochromatium vinosum DSM 180 chromosome: NC_013853 85.78 211 2.00E-166 

Dissimilatory Sulfur Reduction Desulfobacula toluolica Tol2 : FO203503 41.78 42 1.00E-40 

Cytochrome Pseudomonas fluorescens A506 : CP003041 83.9 118 2.00E-55 

Cytochrome Arthrobacter arilaitensis Re117 chromosome: NC_014550 69.13 528 0 

Cytochrome Paenibacillus alginolyticus DSM 5050 : G519DRAFT_scaffold00109.110 54.77 639 0 

Cytochrome Streptomyces sviceus ATCC 29083 chromosome: NZ_CM000951 49.56 228 2.00E-48 

Low-Oxygen Cytochromes Pantoea sp. YR343 34.95 103 3.00E-04 

Low-Oxygen Cytochromes Agrobacterium sp. str. 224MFTsu3.1 : H282DRAFT_scaffold00001.1 33.7 92 1.00E-07 

Low-Oxygen Cytochromes Oceanobacter kriegii DSM 6294 : G516DRAFT_scaffold00008.8 30.43 161 7.00E-14 

ROS Deinococcus radiodurans R1 chromosome 1: NC_001264 84.44 45 1.00E-18 

ROS Mesorhizobium loti MAFF303099: NC_002678 82.09 134 7.00E-67 

ROS Geobacter sulfurreducens PCA: NC_002939 69.09 110 4.00E-40 

ROS Bacillus halodurans C-125: NC_002570 56.41 39 9.00E-11 



22 

 

  Figure 2.2 Transcript ratios for (A) denitrification and (B) DNRA. Ratios for the 

respective processes are represented by diamonds (♦), nitrate concentration (▲), nitrite 

(■), and ammonium (○). Error bars represent standard deviation (SD) between duplicate 

samples. Duplicates were not collected June 7 and June 16. Note differences in y-axes 

scales. 
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(Hewson et al., 2014). In combination, these data further support the occurrence of nitrification 

in these bottom waters following pycnocline degradation. Dissimilatory nitrate reduction to 

ammonium (DNRA) transcript ratios were always lower than for transcripts associated with 

denitrification (Figure 2.2B). This is consistent with measurements of denitrification and DNRA 

rates in CB and other estuaries and coastal systems (Boynton et al., 1995; Baird et al., 1995; 

Gardner et al., 2006; Lunau et al., 2013).  Transcript ratios for DNRA rise from July to 

September, however the variability between duplicates make it difficult to distinguish at what 

point expression is highest. These higher transcript ratios correspond to the periods of highest 

ammonium concentration, however the relationship is not statistically significant. There is an 

unexpected late August time point where expression is still high but NH4
+
 has become depleted. 

While other potential sources of NH4
+
 (i.e., planktonic respiration and benthic flux) exist, our 

chemical data suggest that some of the nitrate, which decreased at times when NH4
+
 is highest, is 

converted to ammonium by organisms carrying out DNRA. These data show that nitrate 

concentrations decrease while ammonium increases and vice versa, and the ratio of DNRA genes 

follows. DNRA transcript ratios were negatively correlated with oxygen, and positively 

correlated with SRP and manganese (Mn(II)) (α=0.1)  (Table 2.1).  However, the confidence 

intervals for these correlations include zero, suggesting an association between these parameters 

is as likely as no association. Although no direct chemical measurements of DNRA have been 

made in CB bottom waters to date, under sulfidic conditions DNRA is energetically favorable 

and has been underestimated in nitrogen budgets in estuaries previously (Testa et al., 2013; 

Gardner et al., 2006). The trend of increasing gene expression for DNRA was coincident with 

increasing NH4
+
 concentrations, suggesting that some of the ammonium accumulation in bottom 

waters may be produced by DNRA.  
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Denitrification and DNRA transcript ratios follow some of the expected environmental 

parameters, like decreases in nitrate coincident with denitrification gene expression, but also 

suggest that other nitrogen processes are occurring (i.e., nitrification) that are not accounted for 

in these gene databases. High transcript ratios of genes involved in denitrification early in the 

summer were likely related to high nitrate and additional non-point source pollution from the 

large and anthropogenically influenced watershed of CB (Najjar et al., 2010; Bricker et al., 

1999). This is consistent with previous studies that showed that nitrate levels and denitrification 

are highest following the spring freshet (Baird et al., 1995; Boynton et al., 1995; Lomas and 

Glibert, 2000). As anoxia developed in CB, denitrification transcript ratios gradually declined, 

reflecting the loss of nitrate and nitrite from June to August, but remained fairly high in early 

August when nitrate and nitrite concentrations were at their minimum.  It is unlikely that 

nitrification in sediment supplied nitrate to fuel denitrification because of the lack of oxygen.  

The water column may receive some flux of nitrification products from the pycnocline, or 

additional nitrogen may be introduced with bottom waters moving up-estuary from southern CB. 

Both nitrogen rate measurements and metatranscriptomic analyses from previous studies indicate 

oxidative nitrogen processes occur in oxygen minimum zones in the ocean, but the rate is very 

low (Newell et al., 2011; Stewart et al., 2012b).  

An alternative explanation for high nitrite concentrations in late summer is diatom activity. 

Diatoms, under varying irradiance levels, have been shown to reduce nitrate to nitrite or 

ammonium as a mechanism to dissipate extra energy (Lomas and Lipschultz, 2006; Lomas and 

Glibert, 2000; Lomas et al., 2000). Unlike nitrate taken up for assimilation, these reduced 

nitrogen compounds are released as exudates and have been shown to increase nitrite and 

ammonium levels, which could also account for some of the nitrogen compound levels in CB in 
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October. Since this system is fairly dynamic it is unlikely we were able to capture all of the 

sources of nitrogen, but these results indicate initial insights into denitrification occurring in 

bottom waters of anoxic CB. This is contrary to previous results (Baird et al., 1995) that 

calculated no denitrification occurring in CB in the summer based on the observation that nitrate 

is scarce in the summer and sediment nitrification is obstructed by anoxic bottom waters. The top 

phylogenetic hits in the denitrification and DNRA databases, assessed by percentage of reads to 

a given protein hit, did not often have high percent IDs and were rarely supported by strong E-

values, indicating that the transcripts showed divergence from available annotated proteins 

(Table 2.2). Additionally, since these processes are being assessed through metatranscriptomics 

we cannot directly relate relative transcript ratios to protein abundance and rate process 

measurements. This drawback has been outlined in the literature, but it is also noted that 

metatranscriptomics provide unique insight into how communities are interacting with each 

other, and with stimuli, in an environmental niche (Moran et al., 2013).  

 

Metal Respiration 

Transcript ratios related to metal respiration were high from July to August when the SRP 

concentration increased (Figure 2.3A). Previous research in CB demonstrated that decreased 

oxygen concentrations led to the release of iron and manganese from sediments along with 

phosphorus adsorbed to Mn and Fe oxides, thus increasing in the concentration of biologically 

available SRP and metals (Gavis and Grant, 1986). SRP concentration increased as oxygen 

decreased in the system. This corresponded to an increase in transcript ratio for dissimilatory 

metal reduction genes, however the relationship was not statistically significant. Additional 

support comes from Mn(II) concentrations, which increased as genes associated with metal 
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respiration increased. Mn(II) concentrations peak from early July to late August when transcript 

ratios increased, and even after gene expression dropped off Mn(II) concentrations remained 

fairly high.  Anomalous Mn(II) concentrations have been noted previously in CB and seem to be 

controlled to some extent by salinity and the reduction of sinking particulate manganese (Gavis 

and Grant, 1986). The transcript ratio was also high in mid-May, perhaps due to microbial 

activity in micro zones of anoxia in particle-associated consortia using oxidized metal substrates, 

as seen previously in the Black Sea (Fuchsman et al., 2011). The top phylogenetic hits for 

dissimilatory metal reduction (Table 2) are all Shewanella sp., which have been well described as 

metal reducers (Qiu et al., 2013; Beliaev and Saffarini, 1998), however not much is known about 

their community structure in CB which may explain the low percent ID for these hits. 

 

Sulfur Respiration 

Sulfur respiratory transcript ratios increased as oxygen decreased and sulfide increased, with 

highest expression in late August (Figure 2.3B). The highest transcript ratios for sulfur 

respiration are seen as sulfide concentrations return to zero. This may indicate that we sampled 

near the transition point from high sulfate reducer population to a reoxygenated aerobic 

community. Sulfur respiratory transcript ratios were negatively correlated with oxygen and 

nitrite concentration (α=0.05) and positively correlated with Mn(II) concentration (α=0.05), but 

was not correlated with sulfide concentration (Table 2.1).  However, the relationship with sulfide 

was confounded by the large number of ties in ranked data when sulfide concentration was zero. 

While our dataset shows increases in expression of dissimilatory sulfate reduction genes at times 

of high sulfide concentrations, the relationships are not statistically significant. Phylogenetic top 

hits for sulfur reduction (Table 2) are for Allochromatium vinosum and Desulfobacula toluolica,  
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Figure 2.3Transcript ratios (♦) and measurements of SRP (■), Mn(II) (▲) and sulfide (●) for 

(A) dissimilatory metal reduction and (B) dissimilatory sulfate reduction transcript database 

results. Error bars represent SD between duplicate samples. Duplicates were not collected June 7 

and June 16. Y-axes are scaled differently between figures. 
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both of which are brackish or marine sulfur reducers. The sulfur cycle in CB bottom waters is 

complex, but patterns identified in transcript ratios match well with sulfide dynamics described 

in previous studies. Under typical summer conditions, sub-pycnocline sulfur cycling has been 

shown to maintain anoxia when the rate of dissolved sulfide production and release is greater 

than or equal to the rate of oxygen eddy diffusion that would lead to bottom water aeration 

(Roden and Tuttle, 1992).  Additional studies found that: less than 30% of the total sulfide 

produced in mid-bay sediments is retained; 4-8% of reduced sulfur is buried in Fe-S minerals; 

and that temperature, sulfate concentration, organic loading and bioturbation explain most of the  

variability in seasonal benthic sulfate reduction rates (Roden Eric E and Tuttle, 1993; Marvin-

Dipasquale and Capone, 1998; Marvin-DiPasquale et al., 2003). Using a respiratory database for 

sulfate reducers we have not shown directly that genes responsible for microbial sulfate 

reduction are responsible for the sulfide production in anoxic bottom waters. However, given the 

previous work in this location of Chesapeake Bay, our data are consistent with previous 

observations of microbial reduction of sulfate in the mid-bay water column (Tuttle et al., 1987). 

(Roden and Tuttle, 1992).   

 

Aerobic respiration 

Low-oxygen cytochrome transcript ratios initially decreased as oxygen decreased but then 

increased again as anoxia set in and reached the highest ratios in late August just prior to the 

degradation of the pycnocline and bottom water aeration (Figure 2.4). Transcript ratios for genes 

encoding these cytochromes, which have a high affinity for oxygen, were also the most highly 

represented overall, and these transcript ratios increased as oxygen became depleted in the 

system. The slight decrease in low-oxygen cytochromes in early June was not expected, but may 
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indicate that as oxygen decreases in the system transcription is initiated for genes in other 

respiratory pathways before bacteria transcribe genes to use the remaining low levels of oxygen. 

Transcripts for genes involved in reactive oxygen species (ROS) neutralization and the 

production of cytochromes with normal oxygen affinity varied slightly over the oxygen gradient, 

with similar values throughout the sampling period, with variable but fairly consistent values 

from June to August. This show more consistent expression than expected given that the bottom 

 

Figure 2.4 Transcript ratios for cytochromes (♦, dashed line error bar), low oxygen cytochromes 

(■, dash dot line error bar) and reactive oxygen species (▲, solid line error bar), and oxygen 

concentration (X). Error bars represent SD between duplicate samples. Duplicates were not 

collected June 7 and June 16. 
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 waters were anoxic at these time points. Cytochromes with high oxygen affinity seem to 

correspond to oxygen concentration in CB bottom waters. Reduced transcript ratios for low-

oxygen cytochrome genes in October indicates that in fully aerobic environments these genes are 

not being transcribed, while expression of genes for cytochromes with normal oxygen affinity 

remain constant, even in reoxygenated waters.  

 

Curated gene databases: useful tools for anaerobic respiratory processes  

Respiratory gene databases are effective for analysis of anaerobic respiratory processes, but are 

less useful for assessing genes involved in aerobic dioxygen reduction. Previous studies 

describing aerobic respiratory chains and their components show that bacterial cytochrome 

oxidases are phylogenetically diverse and found in a variety of environments (Schägger, 2002; 

Morris and Schmidt, 2013). Given their functional variability these genes may not serve as good 

indicators of aerobic respiration. Also, given their diverse phylogenetic roots, it is hypothesized 

that aerobic respiration has evolved more than once (Brochier-Armanet et al., 2009). The top 

phylogenetic hits for the cytochrome, low-oxygen cytochrome and ROS databases represent 

diverse phyla including Actinobacteria, Proteobacteria, Firmicutes and Deinococus-Thermus 

(Table 2.2). Due to convoluted mechanistic and evolutionary history of these genes, as well as 

the spectrum of microaerophilic to aerotolerant organisms that carry these genes, resolution in 

future studies may be achieved by parsing out clusters of both phylogenetically and 

mechanistically related oxygen respiration to best capture aerobic respiratory gene expression in 

microbial consortia. Additionally, difficulties in oxygen concentration measurement due to high 

methodological limits of detection may mean that low levels of oxygen are present in some 

systems and could contribute to respiration even at very low concentrations (Gossett, 2010). It is 
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possible that low concentrations of oxygen were present in waters we determined to be anoxic, 

and our methodology was not sensitive enough to detect it.  If that were the case, facultative 

anaerobic organisms could have been transcribing genes to scavenge oxygen at low levels, thus 

explaining the expression of these genes in anoxic waters (Figure 2.4). Alternatively, 

picophytoplankton (i.e., cyanobacteria) may be responsible for some cytochrome oxidase gene 

expression while carrying out phototrophy under low light conditions below the pycnocline 

where they have been shown to exist (Marshall, 1995). 

Samples that were collected in bottom waters over an oxic-anoxic-oxic cycle show patterns in 

transcript ratios that reflect use of alternative terminal electron acceptors. Expression of 

transcripts associated with denitrification (Figure 2.2A), DNRA (Figure 2.2B), dissimilatory 

metal reduction (Figure 2.3A), and sulfate reduction (Figure 2.3B) increased over the time course 

of bottom waters in CB becoming hypoxic, anoxic and sulfidic. After reoxygenation, relative 

frequency of all transcript ratios analyzed decreased. As expected, as oxygen is depleted in the 

system, other electron acceptors are used, which is reflected in both chemical (i.e., nitrogen 

species) and gene expression (i.e., denitrification) data. These data show that genes for key 

processes involved in respiration using terminal electron acceptors alternative to oxygen are 

being transcribed in seasonally anoxic bottom waters of Chesapeake Bay. The paradigm of 

successional transitions of respiratory processes corresponding to the highest energy yielding 

redox couple were not abrupt in this system, with overlapping respiratory processes reflected in 

gene frequencies. Respiration followed the expected redox trajectory with nitrogen, metal and 

sulfur respiratory gene abundance increasing as oxygen decreased in the system and favorable 

redox states for these processes developed.  While anaerobic processes occurred when oxygen 
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was depleted in the system, they all seem to occur over the same period of time, albeit with 

different transcript ratios, perhaps indicative of different rates.  

Many recent metatranscriptomic studies of transition zones and aquatic niches have highlighted 

interesting dynamics related to community structure, expression and processes in oxygen 

minimum zones, along salinity gradients, in deep ocean water masses, and other environments 

(Stewart et al., 2012a; Fortunato et al., 2013; Baker et al., 2013; Rivers et al., 2013; Hewson et 

al., 2010; Poretsky et al., 2009). A challenge with datasets like these is the lack of statistical 

power primarily due to small sample size. Small metatranscriptomic sample size is not unique to 

this study (Baker et al., 2013; Rivers et al., 2013; Hewson et al., 2010; Poretsky et al., 2009), but 

it does provide challenges in data analysis.  This study used newly curated databases to reveal 

patterns in respiratory processes over time and across chemical gradients to better understand 

redox transitions in oxygen depleted bottom waters of Chesapeake Bay. Tailored database 

curation has benefits and this study shows how key gene databases for metatranscriptomic 

datasets can lend insight into processes that are not currently focused on by publically available 

genomic curation databases.  Database curation has the potential to incur bias throughout the 

process so it is critical to set thresholds and standards and to assess that genes included and 

excluded are consistent and representative of the given process, all of which were taken into 

consideration for this study. Respiration, as defined by curated databases, such as MG-RAST 

(Meyer et al., 2008) and KEGG (Kanehisa and Goto, 2000), include proteins involved in many 

different respiratory processes. This dataset suggests that manual curation of specific databases 

was successful as a method to deconstruct respiration into finer redox gene databases for 

denitrification, DNRA, dissimilatory metal reduction and dissimilatory sulfate reduction. 

Although this focuses on a subset of the total sequence space of the metatranscriptomic datasets, 
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these analyses make sense of chemical trends in the environment and help pull detail from often 

overwhelming amounts of data. Additionally, this approach may prove useful in other 

environments where the classic database annotations and subsystems do not provide enough 

resolution for processes of interest. 

MATERIALS AND METHODS 

Methods for sample collection, sample processing, and metatranscriptome sequencing and 

analysis were presented previously (Hewson et al., 2014). Briefly, water samples were collected 

from a mid-channel station in the mesohaline Chesapeake Bay (38.22
o
N, 76.24

o
W) that has been 

used extensively for other microbial studies (Crump et al., 2007a; Francis et al., 2013). Between 

May and October 2010 small boats and the R/V Hugh R. Sharp were used for collection of 

biogeochemical parameters and bacterioplankton gene transcript analyses. Physical and chemical 

data were collected by CTD (SBE 25 on a small boat; SBE 911 plus on R/V Sharp; Sea-Bird 

Electronics, WA, USA) recording salinity, temperature, oxygen, and fluorescence. Nutrient 

samples were collected using a diaphragm pump (SHURflo Smart Sensor, IN, USA ) with a 

2.54cm diameter hose attached to the CTD frame to pump water into a PVC manifold to fill 

sample vials. The flow-controlled manifold distributed waters gently through short tubes into the 

bottom of sampling vials simultaneously that were allowed to overflow for 1+ min before they 

were sealed. Bacterioplankton samples were pumped, using Tornado submersible pump 

(Proactive, NJ, USA), into a triple rinsed 20L carboy, prefiltered through a 64μm Nitex mesh, 

then onto142mm diameter, 0.2μm pore size (Durapore PVDF filter; Millepore, MA, USA).  

Replicate samples were processed within 30 minutes, and filters flash frozen and stored at -80C 

until processed. Metatranscriptomes were prepared using previously published methods 

(Poretsky et al., 2009) as described in Hewson et al., (2014). Metatranscriptome libraries were 
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sequenced at the Cornell University Genomics Core Facility using paired end Illumina HiSeq 

sequencing. Sequence libraries were first vetted for homopolymer runs (>10bp) using MOTHUR 

(Schloss et al., 2009) and for quality (N< 2), length (<45nt), and adaptors using CLC Genomics 

Workbench 4.0.  Trimmed read libraries were assembled into contiguous sequence (contigs) 

using the CLC Genomics Workbench De Novo Assembly algorithm, using default assembly 

parameters except length fraction of 0.8, similarity 0.95 and minimum contig length 250bp 

(Table 2.3). Differences in number of reads assembled per library are likely due to the diversity 

of the microbial communities present in Chesapeake Bay. However, sequences were assembled 

to confer higher confidence in annotation since the paired-end reads did not have overlapping 

regions. Given the stringency of the assembly parameters, chimeric assemblies are unlikely. 

Non-assembled sequences were not used in downstream analyses. 

Analysis of respiration-related genes  

Databases of protein sequence for respiratory and metabolic pathways of interest were collected 

from sequences deposited in the JGI img/er (Find Genes) and NCBI databases (Table 2.4). 

Proteins were included for respiratory genes if they could be specifically linked to respiratory 

processes, primarily subunits containing the active site, as confirmed through previous research. 

The denitrification database also includes some cytochromes from known denitrifying organisms 

which should be expressed under denitrifying conditions ((Giuffrè et al., 2012; Bueno et al., 

2009)). Since many of these respiratory pathways are widespread, these databases are 

representative of taxonomically diverse bacteria and structural enzyme diversity (i.e. multiple 

nitrate reductases). Metatranscriptome contigs from RNA sequencing were queried against these 

respiratory databases by BLASTx (E-value < 10
-3

). Top protein hits (lowest E-value, 

corresponding to ≥ 350bp alignment length and  ≥ 63%ID) for each contig were matched to 



35 

 

Table 2.3 Metatranscriptome characteristics for Chesapeake Bay bottom waters 2010. Data on metatranscriptome library 

characteristics adapted from Hewson et al. (2014). 

 
5/17/2010

1
 6/7/2010 6/16/2010 7/11/2010

1
 8/5/2010

1
 8/30/2010

1
 10/18/2010

1
 

Physical 
       

Depth (m) 12.93 16.40 16.83 17.35 22.30 20.29 12.69 

        
Chemical 

       
Oxygen (mg l

-1
) 2.37 0.64 0.20 0.07 0.04 0.07 6.11 

Nitrate (μmol l
-1

) 0.79 0.39 0.88 0.08 0.19 3.71 5.72 

Nitrite (μmol l
-1

) 10.11 1.81 0.38 0.10 0.20 0.11 2.07 

Ammonium (μmol l
-1

) 17.08 18.21 17.69 14.18 27.43 0.43 7.93 

SRP (μmol l-1) 0.11 1.07 0.70 2.01 4.67 1.67 0.34 

Mn(II) (μmol l
-1

) 0.00 0.08 0.55 2.28 2.68 3.07 2.21 

Sulfide (μmol l
-1

) 0 0 0 5.09 9.10 0.00 0 

        
Sequencing 

       
Total reads 7,473,411 3,060,830 23,091,722 23,484,393 16,613,295 18,756,064 5,032,641 

Total reads after 

trimming 
5,455,928 2,666,905 22,168,435 22,523,812 15,299,847 17,986,150 4,634,189 

Reads Assembled 

into Contigs 
1,272,186 551,661 5,838,852 4,299,009 5,576,563 5,106,375 1,172,214 

Average Contig 

length (bp) 
598 384 453 482 376 630 410 

Average Reads 

per Contig 
65 53 31 93 110 113 123 

Average Contig 

Coverage 
10 9 6 18 24 17 22 

1
Average results of duplicate samples 
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number of assembled reads for each contig, assuming only one gene hit per contig. Mean contig 

length was only 349 bp (Hewson et al., 2014) suggesting that few contigs would bear more than 

one protein-encoding region. Number of reads associated with constitutively expressed 

housekeeping genes (rpoB, recA and glyA) was used as a transcript normalization factor to 

account for discrepancies in sequencing depth coverage (expressed as the log10 of the number of  

reads associated with housekeeping genes). Transcript ratios for respiratory genes were 

calculated by dividing log10 of one plus the number of reads associated with a respiratory 

database by log10 of the number of reads associated with housekeeping genes. 

Inorganic Nutrient Analysis 

Dissolved oxygen concentration was measured with a membrane inlet mass spectrometer (Kana 

et al., 1994) yielding high precision of <0.05 % for the ratios of oxygen to argon. Triplicate 

samples collected in 7 ml test tubes with ground-glass stoppers were preserved with 2 µl per ml 

of 50 % saturated mercuric chloride, submerged in water at below-ambient temperatures, and 

analyzed in <1 wk. The gas ratios were converted to gas concentrations calculated for a given 

temperature and salinity (Colt, 1984). Samples were filtered through 0.4 µm pore size, 25 mm 

diameter syringe filters, and subsampled for nitrite, nitrate, ammonium, total soluble iron 

(Fe(II)), soluble manganese (Mn(II)), soluble reactive phosphorus (SRP), and dissolved sulfide 

(= [S
2-

] + [HS
-
] + [H2S]) analysis in 7 ml polyethylene vials with screw caps. Concentrations of 

NH4
+
, Fe(II), Mn(II), SRP, and sulfide were determined colorimetrically (Brewer and Spencer, 

1971; Gibbs, 1979; Parsons et al., 1984). Water column and benthic sediment NO2
-
 and NO3

-
 

concentrations were determined by segmented flow analysis after cadmium reduction at the 

University of Maryland Horn Point Laboratory Analytical Services (Lane et al., 2000).  
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Table 2.4 Genes curated for respiratory gene databases. Databases include only active-site containing subunits (i.e. napA and narG). 

The denitrification database includes cytochromes associated with denitrifying organisms. 

Respiratory Database Gene or abbreviation Reaction Reference 

Cytochrome aa3, cytochrome O ubiquinol 

oxidase 

4Dred + O2+ 8H
+

in → 4Dox + 2H20 + 

4H
+

out 

(Ferguson-Miller and Babcock, 1996; 

Abramson et al., 2000) 

Reactive Oxygen 

Species 

superoxide dismutase 2O2
-
 + 2H

+
 → O2 + H2O2 (Bull and Lee, 1985) 

Reactive Oxygen 

Species 

catalase 2H2O2 → 2H2O + O2 (Chelikani et al., 2004) 

Low-oxygen 

Cytochromes 

bd, cbb3, cydB 4Dred + O2+ 8H
+

in → 4Dox + 2H20 + 

4H
+

out 

(Ferguson-Miller and Babcock, 1996; 

Abramson et al., 2000) 

Denitrification bd, cbb3_coN 4Dred + O2+ 8H
+

in →4Dox + 2H20 + 

4H
+

out 

(Giuffrè et al., 2012; Bueno et al., 2009) 

Denitrification nap
 

NO3
-
 → NO2

-
 (Stolz and Basu, 2002; Jones et al., 2008) 

Denitrification nar NO3
-
 → NO2

-
 (Stolz and Basu, 2002; Jones et al., 2008) 

Denitrification nirK NO2
-
 → NO (Stolz and Basu, 2002; Francis et al., 2013) 

Denitrification nirS NO2
-
 → NO (Stolz and Basu, 2002; Francis et al., 2013) 

Denitrification nor NO → N2O (Jones et al., 2008; Correa-Galeote et al., 

2013) 

Denitrification nos N2O → N2 (Correa-Galeote et al., 2013) 

DNRA nrfA 6 e
-
 + NO2

-
 → NH4

+
 (Simon et al., 2000) 

DNRA nrfH 6 e
-
 + NO2

-
 → NH4

+
 (Simon et al., 2000) 

Dissimilatory metal 

reduction 

omcA/omcB Mn(IV) → Mn(II) 

Fe(III) → Fe(II) 

(Myers and Myers, 2001) 

Dissimilatory metal 

reduction 

mtrA/mtrB Fe(III) → Fe(II) (Pitts et al., 2003) 

Dissimilatory sulfate 

reduction 

dsrA/dsrB SO3
-
→ HS (Bradley et al., 2011) 

Dred: reduced electron donor; Dox: oxidized electron donor; H
+

in: protons inside the membrane H
+

out: protons outside the membrane 
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Statistical analyses of respiratory databases 

Because two key assumptions were violated for parametric correlation analyses (normality and 

homoscedasticity), Spearman’s rho (ρ) (non-parametric rank-abundance correlation) was used to 

associate gene pathways with biogeochemical and physical variables. Correlation analyses and t-

tests were carried out between transcript ratios and chemical data in R (R Development Core 

Team, 2012). Confidence intervals were calculated using the RVAideMemoire package (Hervé, 

2013) (Supplementary Table 2.1). 

Supplementary Table 2.1 Input data for Spearman’s rho calculations (rho, p-value, confidence interval).  

Transcript Ratio or 

Environmental Data 
5/17/2010 6/7/2010 6/16/2010 7/11/2010 8/5/2010 8/30/2010 10/18/2010 

Cytochromes 0.20 0.14 0.08 0.12 0.11 0.24 0.12 

Denitrification 0.28 0.24 0.14 0.19 0.14 0.32 0.24 

DNRA 0.01 0.02 0.01 0.02 0.03 0.04 0.01 

Low-Oxygen 

Cytochomes 0.33 0.25 0.08 0.23 0.26 0.47 0.13 

Dissimilatory Metal 

Reduction 0.08 0.04 0.05 0.09 0.08 0.07 0.03 

ROS 0.26 0.16 0.11 0.20 0.20 0.17 0.24 

Dissimilatory Sulfate 

Reduction 0.01 0.00 0.02 0.08 0.05 0.24 0.00 

Housekeeping
1
 3.72 3.42 4.52 4.44 4.45 3.90 2.87 

Oxygen (mg/l) 2.37 0.64 0.20 0.07 0.04 0.07 6.11 

NO2- (μmol/l) 0.79 0.39 0.88 0.08 0.19 3.71 5.72 

NO3- (μmol/l) 10.11 1.81 0.38 0.10 0.20 0.11 2.07 

NH4+ (μmol/l) 17.08 18.21 17.69 14.18 27.43 0.43 7.93 

SRP (μmol/l) 0.11 1.07 0.70 2.01 4.67 1.67 0.34 

Mn(II) (μmol/l) 0.00 0.08 0.55 2.28 2.68 3.07 2.21 

Sulfide (μmol/l) 0.00 0.00 0.00 5.09 9.10 0.00 0.00 

1
 Relative transcript abundance 
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Chapter 3  

RIVERINE MICROBIAL COMMUNITY METATRANSCRIPTOMES FROM MAJOR 

TRIBUTARIES SHOW TAXONOMIC AND FUNCTIONAL SIMILARITY TO 

BACTERIOPLANKTON COMMUNITIES WITHIN CHESAPEAKE BAY 

 

ABSTRACT 

Bacterioplankton metatranscriptomes of four major Chesapeake Bay tributaries, the Choptank, 

James, Potomac and Susquehanna Rivers were annotated to characterize active microbial 

communities within these environments. Based on historical differences in nutrient loading and 

management of these rivers we expected to see differences in the microbial communities. The 

percentage of total reads mapped to bacterial and archaeal transcripts were highly similar 

between rivers (~17 ±3% Archaeal phyla and ~83 ± 3% Bacterial phyla). Because nutrient 

loading from rivers is a major factor driving anoxia and ecological health within Chesapeake 

Bay, we also compared the active microbial communities in the riverine samples to those within 

the bay. There were more eukaryotic (20-53% annotated transcripts) and viral (12-38% 

annotated transcripts) annotations at the domain level in the riverine samples, and all rivers had 

high annotations within the phylum Euryarchaeota (13-21% annotated bacterial and archaeal 

transcripts). We found that although oxic waters within the Chesapeake Bay vary taxonomically 

from those within the rivers, transcripts related to cell growth, transport and photosynthesis were 

common between the riverine and bay samples. Our results demonstrate that regardless of 

differences between the rivers, and between the bay and the rivers, the active microbial 

populations are similar on a coarse phylogenetic and functional level. 
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INTRODUCTION 

Chesapeake Bay (CB) is the largest estuary in North America, with a watershed that 

encompasses over 165,760 km
2
 and includes six states. Seasonal anoxia, driven by nutrient 

loading and water column stratification, has severe impact on metazoa in CB, many of which are 

commercially and recreationally important (Bricker et al., 1999; Cooper and Brush, 1993). 

Sediment coring shows historical increases in sedimentation, eutrophication and anoxic 

conditions in CB after European colonization (Zimmerman and Canuel, 2000; Cooper and Brush, 

1993; 1991). High nutrient loading, in large part from agricultural and anthropogenic sources 

(Hagy et al., 2004), leads to phytoplankton blooms, increased labile carbon pools, and increased 

heterotrophic community respiration that depletes dissolved oxygen below the pycnocline 

(Boicourt, 1992). This causes bottom waters to become hypoxic (0.2-2mg l
-1

 oxygen) and 

ultimately anoxic (<0.2mg l
-1

).  

There are over 100,000 streams, creeks and rivers within the CB watershed, however the 

Susquehanna River, Potomac River and the James River contribute more than 80% of the 

freshwater inputs to the bay. The Susquehanna River contributes approximately 62% and 34% of 

the total nitrogen and phosphorous load to CB, respectively. The Potomac River contributes 20% 

total nitrogen and 33% total phosphorous and the James River contributes relatively little 

nitrogen (5%) but 20% of the phosphorous (Belval and Sprague, 1999). Additionally, the 

Choptank River on Maryland’s Eastern shore contributes only 1% of freshwater yet it yields the 

fourth and fifth highest inputs of nitrogen and phosphorous. CB has one of the highest land-to-

water ratios, due in large part to the shallow average depth of the bay, in addition to long 

residence time. This exacerbates the negative effects point and non-point source pollution from 

the multitude of tributary watersheds dominated by agricultural and urban development. 
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Restoration efforts initiated by the Clean Water Act over 25 years ago set aims for reducing 

nutrient loading, primarily nitrogen and phosphorous, into CB and these efforts were renewed 

with the 2009 executive order from President Barack Obama. While some of these efforts have 

resulted in local improvements, much more needs to be done to restore CB ecosystem health 

(Boesch, 2000). Understanding the biological cycling and transformations of some of these key 

nutrients in the major rivers surrounding CB, in addition to characterizing the processes in 

occurring in CB will help us understand the biological impacts on this dynamic system. 

Using metatranscriptomic approaches, previous studies have identified processes that active 

microbial communities mediate (Hewson et al., 2012; Eggleston et al., 2014) in a mid-channel 

location. However communities in the rivers that contribute heavily, both in terms of freshwater 

and nutrients to the bay, have not been investigated. This study characterizes the activities of the 

microbial communities and their phylogenies in four rivers (the Susquehanna, Potomac, James 

and Choptank) and seeks to understand the roles these communities play in biogeochemical 

cycling. Furthermore, we compare between the riverine communities and those in CB to 

understand if similar processes occur between the active riverine and estuarine communities.  

METHODS AND MATERIALS 

Biological and nutrient analysis sample collection 

Samples were collected from the Choptank, James, Potomac and Susquehanna Rivers in April 

2012 (Figure 3.1). Sample sites were chosen as the point of half the salinity of the mouth of the 

river in CB. Surface water was collected at ~1.5m depth into a triple-rinsed 20L carboy. 

Replicate bacterioplankton samples of ~1.6L per sample were pre-filtered through a 142mm 

diameter, 10μm pore size filter and then captured on a 142mm diameter, 0.2μm pore size   
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Figure 3.1 Map of sampling locations. 
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Durapore PVDF filter.  Samples were processed within 30 minutes, and filters flash frozen in 

liquid nitrogen and then stored at -80°C until processed. Water samples for nutrient analysis 

were collected in triple-rinsed 50ml polystyrene conical tubes, and frozen. 

RNA extraction, metatranscriptomic preparation and sequencing 

RNA was extracted using a modified protocol for the RNA Mini Isolation Kit II (Zymo 

Research) as previously described (Hewson et al., 2009). Metatranscriptomes were prepared 

using a previously published method (Poretsky et al., 2009). Briefly, a twofold approach was 

used for rRNA removal, terminator exonuclease degradation (mRNA Only, Epicentre) and 

subtractive hybridization (MICROBExpress, Ambion). RNA samples were then submitted to 

Columbia Genome Center for cDNA preparation and sequencing using paired end (2x100bp) 

Illumina HiSeq sequencing. 

Sequence data quality control and assembly 

Homopolymer runs (>10bp) were removed from reads using MOTHUR (Schloss et al., 2009) 

and sequence libraries were also trimmed based on poor quality (N< 2), length (<45nt), and 

trimmed of adaptors using CLC Genomics Workbench 4.0.  Default assembly parameters were 

used to assemble contiguous sequences (contigs) from the trimmed read libraries using the CLC 

Genomics Workbench De Novo Assembly algorithm. The only exceptions to the defaults were: 

length fraction of 0.8, similarity 0.95, and minimum contig length 250bp. Sequences were 

assembled to confer higher confidence in annotation since the paired-end reads did not have 

overlapping regions. Differences in number of reads assembled per library are likely due to the 

diversity of the microbial communities present in within each river and potentially differences in 

sequencing depth across libraries (Table 3.1). Non-assembled sequences were not analyzed 

further. Given the average contig length (468 bp) we imagine this does not underestimate the 
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functional annotation of each contig, however it is possible that some contigs may contain more 

than one ORF. Additionally, each contig is only assigned one annotation and therefore will be 

represented by the best hit to the database of interest. 

Metatranscriptomic annotations and analyses 

Sequences were submitted to MG-RAST for functional and phylogenetic annotation (Meyer et 

al., 2008). After annotation, reads were mapped back to each contig to account for relative 

abundance of that annotation, either functional or phylogenetic. Percent annotation is relative to 

total reads annotated for the domain level annotation. Annotation percentages for phyla are 

restricted to reads annotated within the archaeal and bacterial domains. Ordination was carried 

out on bacterial and archaeal domains, phyla and all functional annotations using the Vegan 

package in R with decostand normalization, Jaccard distance matrix and principal coordinates 

analysis using the R base package (cmdscale) (R Development Core Team, 2012; Oksanen et al., 

2012). R code for these analyses is available at https://github.com/eme47/Dissertation/. For 

inclusion of functional and taxonomic, at both the level of domain and phylum, transcripts for 

comparison analyses between rivers and the CB main channel oxic bottom and surface waters, 

annotation must be shared between all libraries and have accounted for >1% of total annotation 

among the samples. 

Physicochemical data collection and nutrient analysis 

Temperature and dissolved oxygen were measured immediately prior to sampling each river 

using a YSI probe (YSI Pro 2030, YSI). Prior to nutrient analysis samples were filtered through 

47mm filters with 0.45μm pore size. Soluble reactive phosphorous (SRP) was measured by 

standard molybdenum blue colorometric assay (U. S. Environmental Protection Agency, 1983) 

using the Cornell Soil and Water Lab autoanalyzer (FS300, OI Analytical). The detection limit 
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for SRP was 0.006 ppm. Anions were detected using the Cornell Soil and Water Lab Ion 

Chromatograph (ICS 2000, Dionex). Detection limit for Cl
-
 was 0.062 ppm, for NO2

-
 was 0.031 

ppm, for NO3
-
 was 0.18 ppm, and for SO4

2-
 was 0.329 ppm. Nutrient concentrations were 

calculated by comparison to standards, distilled water was used as a negative control. 

RESULTS 

Assembly and annotations 

Metatranscriptomic sequencing produced 7 libraries with a total of 51.2 million reads, of which 

12.5 million assembled into contiguous sequences (contigs) (Table 3.1). The Choptank, James 

and Potomac Rivers have duplicate libraries and therefore results are presented as means of 

annotations of function and taxonomy of the Choptank, James, and Potomac Rivers libraries. 

After rRNA removal, an average of 11.7% (± 6.5%) of annotated reads mapped to small and 

large rRNA subunits. With RefSeq database annotations of both function and phylogeny 

annotation of assembled reads ranged from 5.73-36.67% (Table 3.1). 
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Table 3.1 Physicochemical and metatranscriptomic characteristics of the four riverine samples 

 

 

Comparison of riverine communities 

Comparison of rivers to each other by multidimensional scaling (MDS) using principal 

coordinates analysis (PCoA) showed similarities between the rivers when considering RefSeq 

domain or phylum level taxonomy, however function does not cluster cohesively (Figure 3.2). 

The James River is more dissimilar than the others at the phylum level, however there is very 

little variability between bacterial and archaeal domain annotations among all of the rivers. 

Dimension 1 explains 69-99% of the dissimilarity among all community annotations, while 

inclusion of two dimensions captures 94-99% (Table 3.2). Thus, changes along the x-axis are 

more substantial than those along the y-axis. However, by inclusion of only two dimensions we 

account for a most of the variability between samples in these ordinations. The Potomac River 

shows the least similarity to the other three rivers, while the Choptank and Susquehanna Rivers 
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are most similar. The functional ordination shows that the James and Susquehanna River are less 

similar than the functional annotations for the Choptank and Potomac Rivers.  

Dominant taxonomic transcripts and functional transcript annotations 

Dominant bacterial and archaeal phyla annotated among all rivers include Proteobacteria, 

Firmicutes, Euryarchaeota (Figure 3.3A). Proteobacteria, Bacteroidetes, Firmicutes, 

Actinobacteria and Cyanobacteria make up the dominant phyla in surface and bottom water at 

the CB mid-channel station, notably no archaeal phyla are represented using these criteria 

(Figure 3.3B). 

Using the cutoff criteria of >1% total annotation, all of the top functional transcripts among river 

samples are related to cell growth, photosynthesis or a protein of unknown function (Figure 

3.4A). Molybdopterin converting factor was extremely dominant in the Susquehanna River. 

Similar types of functional transcripts were found in surface and bottom oxic waters of CB 

(Figure 3.4B), many of the top transcripts were related to cell growth and maintenance, 

photosynthesis, transport and respiration.  

Respiratory gene annotations 

Using gene databases for specific respiratory processes BLAST analysis shows the use of 

primarily aerobic and oxygen related respiratory processes (Figure 3.5). Choptank River has the 

highest relative abundance of cytochromes expressed, while transcripts for these proteins were 

nearly absent in the James and Potomac Rivers and in low abundance in the Susquehanna River 

(Figure 3.5A). Denitrification had low relative abundance in the Choptank River and was close 

to zero for all other samples. Dissimilatory nitrate reduction to ammonium (DNRA) was only 

present in very low relative abundance in the Potomac River. Cytochromes with high-affinity for  
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Figure 3.2 Multidimensional scaling analysis (PCoA) of river data by RefSeq annotation of 

domain (■), phylum (▲) and function (●). Rivers are denoted by color. 

 

 

Table 3.2 Goodness of fit for MDS ordination at the level of domain, phylum and function. 
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Figure 3.3 Metatranscriptomic reads by bacterial and archaeal phyla. River data (A) Choptank 

River (■), James River (■), Potomac River (■) and the Susquehanna River (■) and mid-channel 

data (B) denoted by oxic surface water in May (■), July(■) and August (■) and oxic bottom 

water in May (■) and October (■). 
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Figure 3.4 Top metatranscriptomic functional hits by river (A) and mid-channel CB data (B). Choptank River (■), James River (■), 

Potomac River (■) and the Susquehanna River (■). CB mid-channel oxic surface water in May (■), July(■) and August (■) and oxic 

bottom water in May (■) and October (■). 
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oxygen and genes involved in neutralization of reactive oxygen species (ROS) were present in 

low relative abundance in the Choptank, James and Potomac Rivers but not detectable in the  

Susquehanna River library. Additionally, genes for dissimilatory metal reduction were expressed 

in these three rivers and not detected in the Susquehanna River library. While dissimilatory 

sulfate reduction genes were present in the James and Potomac River libraries, it was only in 

very low relative abundance (Figure 3.5B). 

 

Figure 3.5 Key respiratory gene hits for river metatranscriptomes, normalized to housekeeping 

genes. (A) Low-affinity cytochromes (■), denitrification(■) had higher abundance than (B) 

DNRA(■), high-affinity cytochromes(■), dissimilatory metal reduction(  ), ROS( ), and    

dissimilatory sulfate reduction(■). 
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DISCUSSION 

Comparisons among the riverine communities show that taxonomically the rivers are very 

similar at the coarse level of domain and phylum, while functional and finer scale taxonomic 

annotations are more variable (Figure 3.2). There was heavy flow in the spring of 2012 which 

might explain the differences between our chemical data and long term data trends (Table 3.1 

and Supplemental Figure 3.1). The ordination of these communities was not well constrained by 

physicochemical parameters which suggests other factors may be driving the activity of these 

communities. Other studies focusing on community composition through 16S rRNA analysis 

show various relationships between biome and biogeography (Kolmakova et al., 2014; Crump et 

al., 2007b; Read et al., 2015). These studies suggest that there are often changes in community 

composition diversity along a river, as hypothesized by the river continuum concept (Vannote et 

al., 1980), however they are not always well explained by chemical parameters implying lotic 

factors (i.e. water residence time) as a key factor in composition. Our data suggest that the active 

communities, at the level of function, show differences between our sampling locations. 

Compositionally the riverine communities were dominated by differing abundances of bacterial, 

eukaryotic, viral and archaeal transcripts. Annotations by domain and phylum were consistent 

between the rivers when limited to archaeal and bacterial hits. Interestingly, the third most 

abundant phylum, among bacterial and archaeal phyla, was Euryarchaeota. The high abundance 

of this phylum suggests that it is highly active in the riverine water samples, or that there is an 

annotation error in the database. While archaeal transcripts were present in low abundance in CB 

(Hewson et al., 2014), there were no dominant archaeal phyla within the oxic surface and bottom 

waters (Figure 3.3B). Interestingly Firmicutes and Actinobacteria were abundant in the riverine 

transcripts but less highly represented in the mid-channel bay waters. Firmicutes and 
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Actinobacteria are common soil bacteria (Kuramae et al., 2012; Teixeira et al., 2010; Eisenlord 

et al., 2012; Piao et al., 2008) and may be washed into these riverine environments from the 

surrounding watersheds. Since our biomarker is mRNA they are likely still active in this 

environment, but upon reaching Chesapeake Bay these data suggest Proteobacteria dominate the 

active microbial community.  

Our results are consistent with other studies that show taxonomic variability is not necessarily 

coincident with functional changes (Steffen et al., 2012; Hewson et al., 2010). The dominant 

functional transcripts between the river libraries are consistent and primarily responsible for 

normal cell growth and maintenance. The fourth most abundant transcript in the river libraries 

was for the D1 protein of photosystem II. Photosynthesis genes are also in high abundance in 

surface waters of CB, reinforcing that photoautotrophy is common to all rivers and remains 

important for these communities within CB. Using metatranscriptomic data we cannot directly 

tease apart the contribution of riverine communities to the overall composition and functionality 

of CB. Regardless, our data show that the dominant processes occurring between the rivers and 

the main-channel of CB very similar. 

Respiratory genes in the river communities reflect the anticipated use of aerobic respiration by 

communities in the oxygenated environments. While cytochromes were most dominant in the 

Choptank and Susquehanna Rivers, high-affinity cytochromes and those for neutralization of 

ROS were common to the Choptank, James and Potomac Rivers. To a lesser extent, genes for 

anaerobic respiration processes were detected in the four rivers. This is unexpected given the 

oxygenated state of the rivers, but it is possible that some anaerobic gradients exist in particulate 

matter or metazoan guts and that small aggregates or pieces of fecal material were processed 

with our samples (Turner, 2002). 
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CONCLUSION 

Despite major annual nutrient loading and management differences between the rivers sampled 

in this study (Boesch, 2000; Belval and Sprague, 1999; Lynch and Krome, 1987), the active 

microbial communities within these rivers don’t show major differences in annotation at the 

taxonomic level. Additionally, although functional annotations had more variation between sites 

the dominant functional transcripts were related to cell growth and maintenance and 

photosynthesis and were similar across sites. Our data suggest major commonalities between 

active riverine community and those within CB. While we have not quantified the transport of 

microbial communities from upstream tributaries into CB, a previous study noted a succession of 

community composition along a length of a river (Read et al., 2015). These results show that the 

dominant taxonomic and functional annotations between tributaries and the mid-channel CB oxic 

waters are very similar. Climate change is predicted to impact the streamflow into CB, increasing 

flow in the spring may affect the timing of nutrients delivered to the bay and the resulting 

phytoplankton blooms driving anoxia (Najjar et al., 2010). It is also expected that decreases in 

summer rainfall will lead to longer periods of drought which will have effects on these riverine 

environments. These impacts may affect the taxonomic distribution along the tributaries, 

however this study would suggest that the dominant functional activity within the rivers and the 

oxic waters of CB are consistent and stable and it remains to be seen how changing inputs and 

water level will contribute to these communities. 
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Supplemental Figure 3.1 USGS nutrient analysis for TN, TP, NOx and DIP over the last 30 

years. Data for the Choptank River are in red, James River in blue, Potomac River in orange and 

the Susquehanna River in purple. Raw data were provided by Douglas Moyer, USGS. 
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Chapter 4  

VIRAL AND BACTERIAL ABUNDANCE AND ‘PELAGIPHAGE’ DYNAMICS ALONG A 

LATITUDINAL TRANSECT IN THE NORTH AND SOUTH ATLANTIC OCEANS 

 

ABSTRACT 

Aquatic viruses play important roles in bacterial population dynamics and biogeochemical 

cycling. This study characterizes viral and bacterial dynamics along a latitudinal transect in the 

Atlantic Ocean from approximately 10N to 40S. Viral abundance decreased with depth and was 

highly correlated to bacterial abundance. There are four major water masses in the Southern 

Tropical Atlantic Ocean and inclusion of water mass, temperature and salinity variables 

explained a majority of the variation in viral abundance. Recent observation of phages infecting 

bacteria of the SAR11 clade of Alphaproteobacteria (i.e. pelagiphages) leads to intriguing 

questions about the roles they play in shaping epipelagic communities. Viral-size fraction DNA 

was used to quantify the abundance of two pelagiphages, using pelagiphage-specific primers 

along the transect. We found that HTVC010P, a member of a podoviridae sub-family, was most 

abundant in surface waters. HTVC008M, a T4-like myovirus, was present in the deep 

chlorophyll maximum, although it was not as highly abundant as HTVC010P in surface waters. 

Interestingly, HTVC008M was only present at a few of the most southern stations, suggesting 

latitudinal biogeography dynamics of SAR11 phages. Additionally, viral production experiments 

provide evidence that HTVC008M may be temperate.  
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INTRODUCTION 

Viruses are abundant, diverse, and play a dynamic role in aquatic ecosystems (Brum and 

Sullivan, 2015; Breitbart, 2012). In marine ecosystems they have major implications for 

biogeochemical cycling through viral lysis of their hosts. Lysis releases dissolved organic matter 

and other limiting nutrients with implications on the carbon, nitrogen, phosphorous and sulfur 

cycles (Fuhrman, 2009; Brussaard et al., 2008). Bacteriophages, viruses of bacteria, are 

responsible for host mortality ranging from 10-50% per day (Weinbauer, 2004). They also play a 

critical role in bacterioplankton community structure and are partially implicated in maintaining 

bacterial diversity (Parada et al., 2008; Middelboe et al., 2001). Viral dynamics are contingent 

upon many biotic and abiotic factors. Viral cycle, lysogenic or lytic, is often controlled by host 

population density and various studies have shown the impact of temperature, salinity and 

oxygen on viral communities (Brum et al., 2013). 

Bacteriophage-host dynamics have been characterized in the North Atlantic (De Corte et al., 

2012) showing that viral to bacterial ratios in the epipelagic zone probably influenced those 

lower in the water column with thermohaline circulation pattern driving bacterioplankton 

abundance. The dynamics of bacteriophage and bacterioplankton in the equatorial and southern 

Atlantic have yet to be characterized in this way. There are four major water masses present in 

this region of the ocean, the surface waters, Antarctic Intermediated Water (AAIW), North 

Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW). Many parameters are used 

to characterize these water masses; the most common include temperature, density, salinity and 

organic matter composition (Morozov et al., 2010). Given abiotic differences in these water 

masses, we anticipate differences in viral and bacterial abundance. Additionally, since 
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bacteriophages often dominate the viral community we would expect a strong correlation 

between viral and bacterial abundance, as is often observed across many environments. 

SAR11, a clade within the Alphaproteobacteria, is an abundant bacterial group in surface waters 

of oceans around the world (Morris et al., 2002b). Microscopy of this clade has shown its 

distribution to be high in coastal and open ocean waters with the greatest relative contribution to 

bacterial community in the open ocean at high temperatures and low chlorophyll concentration 

(Lefort and Gasol, 2013). Research suggests that some SAR11 may contain lysogenic phage 

(Hewson and Fuhrman, 2007), and the ability of SAR11 to resist viral lysis has been debated, 

with small genome and slow replication or K-strategist selection as possible mechanisms by 

which SAR11 evades viral attack (Yooseph et al., 2010; Suttle, 2007). However, four viruses of 

SAR11, referred to as pelagiphage after their specific host Candidatus Pelagibacter ubique, were 

recently described and appear to be widely distributed in open ocean to coastal environments 

(Zhao et al., 2013). While the mechanisms of pelagiphage-host interactions remain 

uncharacterized, many hypotheses (kill-the-winner, “king of the mountain”, red queen, defense 

specialism, etc.) could explain these dynamics, and it is suggested that any number of these 

mechanisms are possible and are acting on different time scales and in conjunction with growth 

rate and nutrient competition (Våge et al., 2013). Zhao et al. (2013) suggest that high rates of 

recombination in the SAR11 host allow it to rapidly evolve. These recombination events would 

allow these dominant bacteria to evade attack, even though it comes into contact with infective 

phage, supporting the red queen hypothesis (Van Valen, 1973), whereby any gain in selective 

fitness of host leads to loss of fitness by the phage. However, the question of top-down and/or 

bottom-up control of this interaction is still widely debated and has major biogeochemical 

implications for these dominant populations of phage and SAR11.  
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This study aims to address the dynamics between viruses and bacterioplankton abundance along 

a latitudinal transect from approximately 10N to 40S in the North and South Atlantic Oceans. 

Depth sampling profiles capture the abundance of both bacteria and virus like particles by depth 

from surface to abyssopelagic waters. Additionally, we investigate the dynamics of two 

pelagiphage, HTVC010P (a member of a podoviridae sub-family) and HTVC008M (a myovirus) 

in epipelagic waters along this latitudinal transect and in viral production experiments.  

MATERIALS AND METHODS 

Sample collection and filtration 

Viral samples were collected in the North and South Atlantic from March to May 2013 on cruise 

210-04 of the R/V Knorr (Figure 4.1). Water was collected using a CTD rosette provided by the 

Knorr Shipboard Science Support Group from six depths: surface waters (~5m); the Deep 

Chlorophyll Maximum (DCM), designated by peak chlorophyll a concentration; AAIW, NADW 

and the AABW, designated by temperature and salinity profiles from the CTD descent at each 

hydrostation. The system was a SBE9+ CTD with a depth limit of 6000m. We used the dual 

SBE3T/SBE4C sensor system for temperature and conductivity and a SBE43 oxygen sensor. 

Oxygen data were calibrated based on the discrete water samples analyzed during the cruise 

(Evan Howard, WHOI). For each of the six major water depths at each station, approximately 

1.5L of water was sequentially filtered through 25mm 10μm and 0.22μm membranes before 

capturing on 0.02μm Anotop-25 filters. Samples were frozen at -80°C until processed. 

Viral and bacterial abundance 

Virus like particles and bacteria were enumerated by SYBR staining counts (Noble and 

Fuhrman, 1998; Patel et al., 2007). Briefly, duplicate samples were fixed with 2% formamide 

(final concentration), filtered over a 25mm 0.02μm Anodisc filter, stained using SYBR Green 1 
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dye and mounted on slides with a glycerol, PBS, and p-phenylenediamine antifade solution. 

Slides were stored at -20°C until they were visualized using an epifluorescent microscope to 

assess viral and bacterial abundance. 

 

  Figure 4.1 Cruise track and stations occupied (black dots) during the research cruise KN210-04 

between March and May 2013. Data were plotted in Ocean Data View 4. 
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Viral production experiments 

Viral production experiments were carried out to investigate viral production in surface waters 

(Wilhelm et al., 2002). 2.25L of surface water (sampled at 5m depth) was collected by CTD and 

filtered over a 0.22μm Durapore (47mm) filter via vacuum filtration until only 50mL remained in 

suspension. A sterile transfer pipette was used to gently resuspend bacteria off of the surface of 

the filter. This bacterial concentrate (50mL) was then added to a 2L, acid washed and seawater-

triple rinsed, bottle and filled with 30kDa tangential flow filtrate (i.e. virus free water). Bottles 

were incubated in a circulating surface water tank with shade cloth to match in situ temperature 

and irradiance. Samples were taken at 0, 12, 24 and 48 hours from replicate bottles. At each time 

point 500mLs were sequentially filtered through a 0.2μm (25mm) membrane and 0.02μm 

Anotop25 filter for downstream DNA analysis. SYBR slides were prepared from 10mLs of water 

at each time point to analyze viral and bacterial abundance. 

DNA extraction 

DNA was extracted from Anotop filters using a modified Zymo Viral DNA Extraction kit. A 

sterile, flame-sealed, pipette tip was used to stopper the end of the anotop filter that was then 

filled with 800μl of ZR Viral DNA buffer. After equilibrating for 10 minutes, the liquid was 

removed by syringe and then any remaining buffer was expunged after cracking the filter. The 

rest of the protocol followed the manufacturer’s instructions except that the DNA was ultimately 

eluted in nuclease free water. 

Pelagiphage primer design 

Using the genomes of recently described phage of SAR11 (pelagiphage), two viruses were 

selected for tracking in surface waters and viral production experiments. The gene for the major 

capsid of T4-like myovirus HTVC008M, and the head-tail connector gene for HTVC010P, the 
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most abundant of the three Podiviridae described (Zhao et al., 2013), were selected for TaqMan 

primer design with the PRIMER3 program (Rozen and Skaletsky, 2000). BLAST (Altschul et 

al., 1990) comparison of primers to NCBI’s non-redundant database confirmed in silico 

specificity of the primer, probe and standard sequences. Table 4.1 provides details of the 

primer/probe sets. 

Table 4.1Pelagiphage qPCR primers, probes and standards for HTVC008M and HTVC010P. 

 

Quantitative PCR 

Real-time quantitative PCR (qPCR) reactions were carried out in triplicate with standards and at 

least 2 no template controls per run (StepOne Plus real-time PCR machine, Applied Biosystems). 

The third sample replicate of each sample was spiked with a standard to ensure no amplification 

inhibition occurred. Each sample reaction (25μl) contained final concentrations of 1x TaqMan 

master mix (Applied Biosystems International), 10 pmol each of forward and reverse primers 

and probe, and 0.5 μl template DNA, q.s. nuclease free water. Cycling conditions were as 

follows: an initial heating step at 50°C for 10 minutes, followed by a hot start at 95°C for 5 

minutes. Next the mixtures were thermally cycled at 95°C for 30s followed by 1 min at the 
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appropriate annealing temperature (Table 4.1), for 50-60 cycles. Cycle threshold was calculated 

automatically by the BioRad software for calculating gene abundance. R
2
 values of the standards 

for all reactions were greater than 0.97. Gene copy number per reaction was determined by 

comparison of cycle threshold crossing based on eight standards ranging from 10
4
-10

11
 copies 

per standard reaction. 

Statistical Analyses 

Summary statistics and regression analyses were performed in the base package of R (R 

Development Core Team, 2012). Multiple linear regression models were forward selected. The 

significance of independent variables, adjusted R
2 
for the model, and Akaike information 

criterion values were used to determine the final predictive model.  All code and raw data used 

for these analyses can be found on github (https://github.com/eme47/Dissertation). 

RESULTS 

Water column physicochemical variables 

Mean temperature across the latitudinal transect was greatest in surface waters (27.01±1.80°C), 

and was lowest in the AABW (1.27±0.70°C). Using the average between the two CTD salinity 

sensors, mean salinity ranged from 34.47-36.46 PSU with the AAIW having the lowest salinity 

and the DCM having the highest. Mean oxygen concentration was highest in the NADW 

(5.82±0.12 mL/L) and lowest in the mesopelagic waters (3.62±1.05 mL/L) (Table 4.2). 

 



74 

 

Table 4.2 Mean physicochemical paramters and viral, bacterial and pelagiphage abundance by water mass. 
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Viral and bacterial abundance 

Mean viral abundance by depth ranged from 6.50x10
5
 in AABW to 1.17x10

7 
in surface water. 

Mean bacterial abundance by depth ranged from 2.45x10
4
 in AABW to 1.52x10

6 
in surface 

water. Across all depths and stations the viral abundance mean was 5.57x10
6
 VLP and mean 

bacterial abundance was 4.32x10
5 

cells. Viral and bacterial abundance were generally highest in 

surface waters and water from the DCM (Figure 2).  Viral to bacteria ratios (VBR) were quite 

variable by depth, however an ANOVA of VBR by water mass shows that at least one mean was 

significantly different from the others (p=0.0259). AABW had the highest VBR mean (70.17 

±20.12) with the lowest mean (and standard deviation, format consistent throughout) occurring 

in mesopelagic samples (43.52 ± 39.11) (Table 4.2). Supplemental Figure 4.1 shows viral and 

bacterial abundance and VBR by latitude. 

A simple linear regression (model 1) indicated that log bacterial abundance (LBA) explains 

87.54% (p< 0.0001) of the variability in log viral abundance (LVA) (Figure 4.2). In the multiple 

linear regression (model 2) water mass, a categorical variable for depth, was also a significant 

predictor of LVA (Table 3). Mesopelagic, AAIW, NADW and AABW were negatively 

associated with LVA when compared to surface waters (p<0.001 for all), while DCM was 

positively associated with LVA in comparison to surface waters (p<0.001). The inclusion of 

water mass (i.e. categorical depth) in the model increased percentage LVA variance explained by 

the model to 91.67% (p< 0.0001). Inclusion of temperature and salinity further increased the 

percentage of variance explained by the model to 91.78% (p< 0.0001), however there is no 

statistical difference between model 2 and model 3. After inclusion of temperature and salinity 

(model 3), DCM was the only water mass that remained a significant, and positive, predictor of 

LVA. Salinity was only nominally significant a predictor of LVA while temperature was not 
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significant. The addition of other variables (i.e. oxygen concentration) did increase the predictor 

power of the model (model 4, not included in Table 4.3) variability indicating that given the 

parameters tested we were not able to account for approximately 6% of  

 

Figure 4.2 Relationship between log viral abundance and log bacterial abundance by water 

mass. DCM=deep chlorophyll maximum, AAIW= Antarctic intermediate water, NADW= North 

Atalantic deep water, AABW= Antarctic bottom water. 
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the variability. The Akaike information criterion (AIC) value was very similar for both models 2 

and 3 with a marginal, but not significant, increase in the AIC after the inclusion of temperature 

and salinity. This indicates that models 2 and 3 are very similar and provide nearly equal 

parsimonious fits of the data.  

Pelagiphage abundance in surface and deep chlorophyll maxima waters along a latitudinal 

transect 

Using qPCR we detected HTVC008M and HTVC010P in DNA extracts only from surface 

waters and the DCM collected along the latitudinal transect of the cruise, other depths were not 

tested in this study. HTVC008M was detected in surface waters at three stations and in the DCM 

at 13 stations (Figure 4.3A). HTVC010P was detected in surface waters at 11 stations and in the 

DCM at the same 13 stations HTVC008M was detected (Figure 4.3). Surface waters had the 

highest abundance of HTVC010P although there was great variation in gene copy number along 

the transect. Mean HTVC010P copy number in surface water was 1.03 ±2.38 x 10
5
 copies ml

-1
 

with the highest abundance of 8.48x10
5
 ml

-1 
(Table 4.2). HTVC008M was only detected in 

surface waters at three southern stations in lower abundance relative to HTVC010P. The mean 

for HTVC008M was 6.05 ±3.01 x10
3
 copies ml

-1
. In the DCM HTVC008M and HTVC010P 

abundance were fairly similar, although they were not detected at every station. HTVC008M 

mean was 5.42 ± 2.8 x10
3
 copies ml

-1
 and the HTVC010P mean was 5.79 ± 2.86 x10

3
 copies  

Table 4.3 Regression analyses with different parameters explaining log viral abundance. 
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Figure 4.3 Copy number in surface water and the DCM of pelagiphage HTVC008M (A) and 

pelagiphage HTVC010P (B) along the Atlantic Ocean latitudinal transect from 10N to 40S. 

Water masses are designated as ♦ =surface water and ■=DCM. 
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ml
-1

. With our limit of detection the only pelagiphage detected in surface waters of northern 

latitudes of the transect was HTVC010P.  

 

Viral abundance and pelagiphage in viral production experiments 

Viral and bacterial abundance measured at 0, 12, 24 and 48 hours of incubation in viral 

production experiments did not show dramatic increases. Figure 4.4A shows the averages of four 

production experiments at each experimental time point. Analysis of mean viral and bacterial 

abundance at these time points by ANOVA show nominally significant variation in the means 

(p=0.025 and p=0.17, respectively). 

Tracking pelagiphage in these experiments by qPCR surprisingly revealed high abundance of 

HTVC008M (Figure 4.4B) but no HTVC010P presence within our detection limit. The two 

production experiments from surface waters with lower latitudes (38.00S and 22.49S) had higher 

abundance of HTVC008M than the experiment from a more equatorial latitude (2.70S) and the 

one from 9.7N. At the initial time point there were 3.7- and 3.8 x 10
6
 copies of HTVC008M per 

mL from waters collected at stations 38.00S and 22.49S, respectively. 

DISCUSSION 

Trends in physicochemical parameters and viral and bacterial abundance across latitude 

As expected, salinity and temperature are defining characteristics of the water masses sampled 

along this transect. Temperature decreased with depth and salinities varied according to water 

mass (Morozov et al., 2010). Viral abundance ranged from 10
5
-10

7
 virus like particles ml

-1
 with 

lower numbers in deeper waters and bacterial abundance followed a similar pattern with a one 

log reduction, 10
4
-10

6
 cells ml

-1
. These data match with previous viral and bacterial abundances 

reported in the open ocean, and that bacterial and viral abundance are negatively correlated with 
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depth (Aristegui et al., 2009; Wommack and Colwell, 2000b; Weinbauer et al., 1995). We found 

that bacterial abundance (model 1, Table 3) accounts for 87.54% of the variability in viral 

abundance which is much higher than a latitudinal study in the North Atlantic that found  

 

Figure 4.4 Mean viral and bacterial counts (A) ♦ =viral abundance, ■=bacterial abundance, 

black line is the average in situ viral abundance and the dashed gray line is the average in situ 

bacterial abundance; HTVC008M copy number results (B) from viral production experiments at 

latitude ♦=38.00S, ■=22.49S=, ▲=2.70S, ●=9.70N. Error bars represent standard deviation 

between means of the four viral production experiments (A) or between duplicate qPCR 

reactions (B). 
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bacterial abundance explained 46% of variability in viral abundance (De Corte et al., 2012). 

This would suggest that LBA is a better predictor of LVA in this latitudinal transect, however, it 

does not explain all of the LVA variability. In addition to BLA, water mass, temperature and 

salinity all increase the predictive power of the model. Water mass accounted for more variation 

than adding latitude, temperature or salinity, or any permutation of those three variables. Water 

mass is likely a qualitative indicator of numerous environmental factors, including temperature, 

salinity, nutrient availability, and other factors. Including BLA, water mass, temperature and 

salinity explained the highest amount of LVA. The DCM, referent to surface water, remained the 

only significant water mass in explaining LVA after including temperature and salinity in model 

3 (Table 4.3). This would suggest that there are additional factors in the DCM that relate to viral 

abundance. The DCM harbors diverse eukaryotic life as well, and studies have begun 

characterizing diatom-bacterial associations (Ghai et al., 2010; Baker and Kemp, 2014). A 

previous study including found that including picoeukaryotes in their model helped explain viral 

abundance (Yang et al., 2010). We did not specifically characterize picoeukaryotes, but it is 

possible that these organisms influence the viral population in the DCM. As mentioned, AIC 

values for models 2 and 3 were very similar. Therefore, major differences in temperature and 

salinity are likely characterized by water mass, and the addition of temperature and salinity to the 

model didn’t greatly increase the ability to model LVA. 

Pelagiphage in epipelagic waters of the North and South Atlantic Oceans 

Pelagiphage HTVC010P, highly represented in Pacific Ocean virome database (Zhao et al., 

2013; Hurwitz and Sullivan, 2013), had the highest genotype abundance in surface waters of our 

study in both the North and South Atlantic. This phage belongs to a subfamily the Podoviridae, 
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and while not much is yet known about Podoviridae in SAR11, they are one of the three major 

families of dsDNA cyanobacterial phage found ubiquitously in marine environments (Huang et 

al., 2015; Wang et al., 2011; Ghai et al., 2010). Podoviruses that infect cyanobacteria have a 

narrow host range and lack known genes for lysogeny which makes them obligately lytic phage 

(Paul and Sullivan, 2005). Both the HTVC010P and HTVC008M pelagiphage had similar 

genotype abundance in the DCM. HTVC008M genetically clusters with the T4-like myoviruses. 

Strikingly, HTVC008M was only detected in three southern stations in surface waters.  While 

this pelagiphage was not nearly as abundant relative to HTVC010P in the initial study, it is 

surprising that it was only present at a few stations. Recent studies mapping the biogeography of 

different SAR11 ecotypes show unique global distribution of bacteria belonging to this clade. 

Further research into the SAR11 ecotypes present along this latitudinal transect may help explain 

the dynamics of pelagiphage location and abundance. 

Viral and pelagiphage abundance and dynamics in viral production experiments 

Viral abundance in four viral production experiments remained constant over the time course, 

however bacterial abundance dropped approximately 10-fold from the initial time point to 12 

hours and remained lower than the initial abundance until the end point. It is likely that bacterial 

abundance decrease is linked to bottle effect as we did not see a major increase in viral 

abundance that would be expected if lysogenic phage were present. Previous work with phage of 

cyanobacteria, cyanomyophage genomes have been shown to contain genes for lysogeny (Paul 

and Sullivan, 2005). Results of the qPCR for the T4-like myovirus HTVC008M showed high 

abundance in the two viral production experiments at southern latitudes. The viral production 

experiment from the station at 38S was one of the only stations where HTVC008M was detected 

from the latitudinal transect (Figures 4.3A and 4.4B). Ambient abundance of HTVC008M at the 
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two Southern stations was lower than the abundance at time zero of the production experiment 

which would suggest lysogenic induction due to handling. Additionally, although HTVC008M 

was undetectable at stations further north in the latitudinal survey, the viral production 

experiments 28.49S, 2.90S and 9.70N show detectable, albeit not as highly abundant, 

HTVC008M presence. This suggests that HTVC008M may be a latent infection until induced in 

these production experiments. HTVC008M integrated in their host would not have been detected 

as the bacterial size fraction was removed before capturing the viral size fraction prior to DNA 

extraction. While the genome of HTVC008M does not contain known genes for lysogeny, many 

of its genes are characterized as hypothetical and their function requires further investigation.  

Unexpectedly, in all four viral production experiments HTVC010P was undetectable.  Given that 

it was the most highly abundant pelagiphage in surface waters along the latitudinal transect we 

would have expected to see a high abundance of the phage in these experiments as well. The 

experimental setup filtered out initial viruses, therefore the lack of HTVC010P at time zero or 

later time points suggests two things about their host: the host growth rate is slow; and the host 

may be quite sensitive to incubation conditions and died. 

CONCLUSIONS 

These data provide insight into the nature of the relationship between viruses and bacteria along 

a large latitudinal transect, 10N to 40S, in the North and South Atlantic Oceans. Variation in 

viral abundance was well characterized by bacterial abundance and water mass, suggesting that 

host, as well as abiotic factors in these major water masses, shape the viral populations therein. 

Additionally, we have shown that two pelagiphage, HTVC008M and HTVC010P, have broad 

distribution in epipelagic waters along this transect. Variation in abundance between these 

pelagiphage, and between surface waters and DCM, suggest that there are differences in host 
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populations and viral cycles latitudinally. While our data suggest that HTVC008M, similar to 

cyanomyophage, may be lysogenic and HTVC010P, similar to podoviruses of cyanobacteria, is 

lytic, more research is need to elucidate this dynamic and the mechanism of action and 

replication of these phage. The distribution of these two pelagiphage hint at latitudinal variation 

of SAR11 host, and investigation of SAR11 ecotypes in the epipelagic waters will bring clarity 

to this dynamic. Our data indicate a model in which HTVC008M infect a highly abundant or fast 

growing and sensitive host. Once released from the host, it decays rapidly and thus we do not 

detect it as readily in surface waters. Conversely, HTVC010P grows on a slow-growing SAR-11 

ecotype, also killed when handled, and decays more slowly upon release in virioplankton. 

Further investigation of the dynamics of these phage and measurements of decay will help 

elucidate the role pelgiphage play in shaping host populations. Additionally, characterizing the 

viruses of other organisms and their viruses in the DCM, and other water masses, may help 

explain more of the variability we detect in viral abundance. 
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Supplemental Figure 4.1  

Viral abundance (A), bacterial abundance (B) and Virus to Bacteria Ratio (C) by latitude. DCM=deep chlorophyll 

maximum, AAIW= Antarctic intermediate water, NADW= North Atalantic deep water, AABW= Antarctic bottom water. 

A B 

C 
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Chapter 5  

CONCLUSIONS 

The goal of the research presented here was to investigate dynamics of bacterial and viral 

communities in three different aquatic environments. By implementing a variety of molecular 

techniques I investigated various questions related to active microbial communities in 

Chesapeake Bay and its watershed, as well as examining the dynamics of viruses, their hosts and 

two specific pelagiphage in the Atlantic Ocean. 

With the vast increase in microbial metatranscriptomic sequencing ability we are at a point of 

transition from primarily descriptive gene expression studies to those which are hypothesis-

driven. By developing curated key respiratory gene databases we gained insight into a finer level 

of respiratory processes than was available through publically available databases. Because the 

sequence space is so immense, targeting a subset of the data with genes of interest allows for 

finer resolution analysis to pull out stories that may be looked over by broad stroke analysis. In 

the case of the Chesapeake Bay mid-channel oxic and anoxic bottom waters, refining the detail 

of respiration, and analyzing different processes in the light of chemical data, provided a useful 

technique for evaluating our hypothesis that gene expression for respiratory processes would 

vary relative to the most favorable terminal electron acceptor present in the bottom waters. While 

gene transcript ratios for anaerobic processes increased when oxygen became depleted in the 

system, we did not see discrete transitions between specific terminal electron acceptor usage. 

This suggests that once anoxia takes hold in bottom water, many forms of anaerobic respiration 

sustain these microbial populations. By examining a targeted set of genes we were able to answer 

the bigger question of what is happening in the active microbial communities within anoxic 

Chesapeake Bay waters with better resolution.  
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By investigating four tributaries with major contributions to the Chesapeake Bay watershed, we 

used various aspects of the annotations of seven metatranscriptome libraries (domain, phylogeny, 

and function) to investigate the relationship between active microbial communities within these 

rivers. Additional comparison of these datasets to those from the oxic waters in the Chesapeake 

Bay mid-channel allowed us to compare and contrast active communities from different reaches 

of the watershed to those endogenous to the bay. Scaling the gene expression from the handful of 

sites sampled in this study up to the entire river would be unreasonable, however one of the 

critical aspects of this research is that it provides a unique opportunity to look at the upstream 

communities and assess if the dominant active microbial members in these riverine systems 

remain important once they enter the Chesapeake Bay. Because many studies have shown 

functional redundancy between taxa it is important to investigate these large-scale questions of 

microbial biogeochemical processes at the level of functional activity not only genomic 

capability. 

When transitioning to the open ocean we again step from the big picture question to more 

detailed questions. The initial question we addressed of who is there was analyzed through 

counts determining bacterial and viral abundance throughout the water column. We then further 

characterize the dynamics of the pelagiphage within the epipelagic communities. This study 

capitalized on previous –omic data to design novel primer sets to investigate cutting edge viral 

ecology in the open ocean. By tracking abundance of these pelagiphage in water column 

samples, as well as in viral production experiments, we have gained initial insight into the 

dynamics between these two types of pelagiphage that suggest different replication strategies 

(i.e. lytic vs lysogenic cycles), differences by water depth, as well as suggestion of a role for 

biogeography in host population ecotypes. The roles pelagiphage play in shaping their host 
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populations has major implications for the highly abundant populations of SAR11 bacteria 

throughout the open ocean. 

By applying molecular techniques and asking novel questions we are able to build broader 

foundations of aquatic microbial ecology. Characteristic of most research, as new knowledge is 

generated a multitude of new questions arise. In depth analysis of multiple metatranscriptomic 

datasets and qPCR analyses in these unique environments leads to many possible future projects. 

Also, taking the birds’ eye view, we can gain an appreciation for larger implications and research 

gaps within these areas of study that beg attention from the larger research community 

employing these techniques. 

For analyses of both the key respiratory genes and the riverine datasets it was clear that 

publically curated datasets like MG-RAST and KEGG are good for initial characterization but 

lack resolution for many fine scale processes. They are also, clearly, are not specific to user 

generated hypotheses and questions.  This necessitates the creation of user-curated databases and 

opens the door to biases and variability in quality and accuracy of sequences within a given 

database. While these biases certainly exist within currently available annotation datasets, they 

are potentially more common in unique user-generated databases. Because of this, it would be 

informative to have a set of critical criteria that help minimize issues with quality control. This 

could take the form of similar requirements proposed for quantitative real-time PCR (i.e. 

minimum information for publication of quantitative real-time PCR experiments).  

As seen before, much of the sequence space captured in our metatranscriptomes has no known 

annotation or shows highest similarity to genes of no known function. This highlights a few 

major issues and areas of research that are critical moving forward. First and foremost, the 
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databases are limited by the microorganisms we have been able to culture and are often skewed 

to microbial pathogens. While efforts to culture many microbes has proven challenging, it is 

important to continue to bring more representatives of unique and diverse microbial taxa into 

culture so that we can improve many major gaps in our database annotations. Culturing efforts 

were the key in isolating pelagiphage, and although hypothesized for some time, sequencing 

efforts had failed to identify a phage of Candidatus Pelagibacter ubique. Therefore, it is critical 

to balance new molecular techniques with culturing to avoid losing out on characterization of 

important members of microbial communities. Secondly, even with ever growing sequencing 

coverage across aquatic and environmental samples, we are still discovering novel microbial 

pathways and it is critical that advances in our ability to process this data after sequencing match 

our ability to sequence. The age of bioinformatics is upon us, and continuing efforts are need to 

make sure we can keep up with the big datasets that are generated. In the absence of annotation 

to known sequence space, development of tools to examine similarity or dissimilarity between 

samples may provide improved understanding of sequence-based datasets. 

Owing to the strengths and weaknesses of individual molecular methods, choosing a suitable 

combination of approaches for a given research question will never cease to be an important 

aspect of environmental microbial ecology. By pairing sequencing technologies with 

improvements in database curation, and the ability to track specific genes of interest within a 

population, we gain further insight into microbial communities. This dissertation has used the 

advances in sequencing capabilities in conjunction with novel databases for key respiratory 

genes, comparisons between local and watershed communities, and development of novel 

quantitative-PCR primer sets for tracking newly described viruses of the most dominant marine 

bacterial population. These advances in the field of aquatic microbial ecology contribute to our 
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understanding of microbial community dynamics. These results also advance the questions we 

can ask in these ecosystems, while also pointing out important and relevant avenues for future 

study and consideration among researchers within this field.   

  



94 

 

APPENDIX I 

 

Hewson, I., Eggleston, E. M., Doherty, M., Lee, D. Y., Owens, M., Shapleigh, J. P., Cornwell, J. 

C., and Crump, B. C. (2014). Metatranscriptomic Analyses of Plankton Communities 

Inhabiting Surface and Subpycnocline Waters of the Chesapeake Bay during Oxic-

Anoxic-Oxic Transitions. Appl. Environ. Microbiol 80, 328-38. 

 


