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Viruses are the most abundant biological entity in the ocean, and they can influence
microbial mortality, evolution and biogeochemical cycles in marine ecosystems.
Virioplankton communities in oceans have been studied extensively using viral
metagenomics (viromics), but the estuarine viromes remain relatively unexplored.
Estuaries are a complex and dynamic ecosystem. My dissertation is dedicated to
understanding the composition and distribution of the virioplankton community in the
Delaware Bay and Chesapeake Bay by investigating 16 viromes collected from these
two bays. A total of 26,487 viral populations (contigs > 5kb) were identified in the
two bays, establishing a high quality viromic dataset.
The vast majority of the dominant viral populations are unclassified viruses. Viral
sequences obtained from marine single cell genomes or long read single molecule

sequencing comprised 13 of the top 20 most abundant viral populations, suggesting

that we are still far from understanding the diversity of viruses in estuaries. Abundant



viral populations (top 5,000) are significantly different between the Delaware Bay
and Chesapeake Bay, indicating a strong niche adaptation of the viral community to
each estuary. Surprisingly, no clear spatiotemporal patterns were observed for the
viral community based on water temperature and salinity.

The composition of known viruses (i.e. phages infecting Acinetobacter,
Puniceispirillum, Pelagibacter, Synechococcus, Prochlorococcus, etc.) appeared to
be relatively consistent across a wide range of salinity gradients and different seasons.
Overall, the estuarine viral community is distinct from that in the ocean according to
the composition of known viruses.

N4-like viruses belong to a newly established viral family and have been isolated
from diverse bacterial groups. Marine N4-like viruses were first found in the
Chesapeake Bay, but little is known about their biogeographic pattern in the estuarine
environment. N4-like viruses were confirmed to be rare in the estuary, and relatively
more abundant in the samples from lower water temperature.

Viruses which infect SAR11 bacteria (pelagiphage) are one of most abundant viral
groups in the open ocean. We found that the abundance and community profile of
pelagiphage in the estuaries is similar to that in the open ocean, and has no correlation

with environmental factors.
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Chapter 1: Introduction

1.1 Marine viral ecology

1.1.1 Role of viruses in aquatic environments

Viruses are the most abundant biological entities in the world and are a critical part of
microbial communities (Suttle, 2007). Since the discovery that viral-like particles
exceed 10%/ml in seawater (Bergh et al., 1989; Proctor and Fuhrman, 1990), the role
of viruses in the marine ecosystem has been studied extensively (Fuhrman, 1999;
Wommack and Colwell, 2000; Suttle, 2005; Zimmerman et al., 2020). The
concentration of virioplankton can be more than 108/ml in eutrophic water (i.e.
estuarine and coastal waters), and it can be lower than 10*/ml in the oligotrophic
water such as the Sargasso Sea (Wommack and Colwell, 2000). The virus particle to
bacterial cell abundance ratio generally falls between 3-10, and this ratio is higher in
eutrophic, productive environments (Wommack and Colwell, 2000).

Viruses were found to cause high mortality of marine bacteria and cyanobacteria
(Proctor and Fuhrman, 1990), prompting the beginning of the field of marine viral
ecology. Although viruses infect all forms of life, the majority of viruses in the ocean
are phages, which are responsible for 10-40% of total bacterial morality, and
influence the dissolved organic matter (DOM) cycle by lysing bacteria (Fuhrman,
1999; Weinbauer, 2004). In the microbial loop, bacteria utilize dissolved organic
matter (DOM) released by phytoplankton and zooplankton, resulting in more DOM

being respired by bacteria instead of being transported to the higher trophic levels of
1



the food chain (Azam et al., 1983). Viruses contribute to the microbial loop by lysing
their hosts and producing dissolved organic matter, which can then be consumed by
other planktonic microbes. This recycling process of organic matter is called the viral
shunt, diverting carbon from the classical food chain (Wilhelm and Suttle, 1999;
Suttle, 2005) (Fig. 1.1). It is estimated that 25% of primary production in the ocean
flows through the viral shunt, releasing 3 gigatons of carbon into seawater every year,
indicating the substantial impact of the viral shunt on marine carbon cycling
(Breitbart et al., 2018). Viruses have also been shown to play a role in marine
nitrogen, iron and phosphorus cycling, and the effect depends on which nutrient is

limiting (Pourtois et al., 2020; Zimmerman et al., 2020).
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Figure 1.1 Viruses are catalysts for biogeochemical cycling. Viruses short circuit the
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flow of carbon and nutrients from phytoplankton and bacteria to higher trophic levels
by causing the lysis of cells and shunting the flux to the pool of dissolved and
particulate organic matter (D-P-OM). The result is that more of the carbon is respired,
thereby decreasing the trophic transfer efficiency of nutrients and energy through the
marine food web (Suttle, 2005). [Image Reprinted with permission from Springer

Nature 2005, license no. 5117390600230].



Although viruses have a significant impact on marine ecology by killing their hosts,
they do not always lyse their hosts immediately after infection. The lysogenic
lifestyle is thought to aid phages through times of low host growth rates by protecting
them from decay while “hiding” inside the host (Paul, 2008; Breitbart et al., 2018). It
has been estimated that up to 60% of aquatic bacteria contain lysogens, although only
a small proportion (< 3%) can be induced to produce free bacteriophage (Ackermann
and DuBow, 1987; Ogunseitan et al., 1992). In the open ocean, lytic infections
dominate the surface waters, while lysogeny is more common in waters below the
deep chlorophyll maximum (DCM), and at deep sea hydrothermal vents (Luo et al.,
2020). Marine prophages can dramatically alter the phenotype of their hosts, and help
promote host survival by suppressing unnecessary metabolic activities, changing their
host’s ecological function (Paul, 2008).

Viruses influence the diversity and metabolism of their hosts through a variety of
mechanisms. Viruses transduce DNA between hosts via viral particles and gene
transfer agents (GTAS) (Breitbart, 2012). GTAs are small particles resembling phages
which contain random fragments of host DNA, and they mediate substantial amounts
of horizontal gene transfer (Lang and Beatty, 2000). Phages also carry auxiliary
metabolic genes (AMGS), genes mostly derived from their hosts to supplement host
cell function during infection, in turn ensuring their own success (Breitbart et al.,
2007; Zimmerman et al., 2020). In this way, phages act as genetic reservoirs for host
evolution, and enhance host diversity (Hurwitz and U’Ren, 2016). Viral AMGs
associated with carbon, sulfur and nitrogen cycling have been found in the ocean

(Roux et al., 2016). The power of viruses to reprogram host cells indicate significant



influence on marine biogeochemical cycles, although the quantitative effects remain
unclear due to the difficulty of conducting relevant large-scale experiments that

imitate in situ behavior (Zimmerman et al., 2020).

1.1.2 Models about virus-host interactions

Interactions between viruses and their hosts in the marine environment are dynamic
and complex. A few main models that describe the effect of virus-host interactions on
microbial diversity are “Red Queen Hypothesis”, “Kill the Winner”, “Piggyback the
Winner” and “Bank Model”.

In general, the co-adaptation of virus and host follows “Red Queen” dynamics. The
“Red Queen Hypothesis” proposes that the interaction between virus and host drives
molecular co-evolution through natural selection for adaptation to each other (Van
Valen, 1973). The impact of lytic viruses on host populations has been described as
the “Kill the Winner” action (Thingstad, 2000). Unlike heterotrophic grazers, viruses
are highly host-specific, so they can control the population of the most dominant
bacterial hosts at a given time, promoting greater bacterial diversity and allowing for
more efficient population succession (Rodriguez-Valera et al., 2009). The “Bank
Model” states that only the most abundant viruses are actively infecting hosts, while
the rest of the viruses are inactive and act like a seed-bank, awaiting their turn to
infect their hosts after population succession (Breitbart and Rohwer, 2005) (Fig. 1.2).
This model compliments the “Kill the Winner” model and explains the high local
community diversity of marine viruses, with most of the viruses at low abundance.
Meanwhile, “Piggyback the Winner” refers to the situation in which temperate

viruses tend to integrate into their hosts when the host cells are at high densities,

5



exploiting the favorable survivability of the hosts for virus propagation (Knowles et
al., 2016). This interaction between temperate viruses and their hosts is particularly
important for maintaining the stability of host-associated microbial communities
(Silveira and Rohwer, 2016).

These models explain the presence of diverse viral communities from different
aspects (i.e. at the population and genomic level), and contribute to resolving the
paradox of plankton, which describes the presence of diverse planktonic community
in a resource-limited environment (Hutchinson, 1961). Despite being largely non-
living organisms, viruses still rely on their hosts for replication, thus require nutrient
resources. The constant flux of dynamic virus-host interactions enables the existence

of the vast microbial diversity found in aquatic environments.
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Figure 1.2 Example of a rank-abundance curve. In the Bank model, only a few of the
most abundant viral genotypes are in the Active fraction. As new prey items become
dominant in response to changing environmental conditions, the viruses that can prey
on those hosts also become abundant. The viruses that were previously in the Active
fraction begin to decay and in the absence of new production become part of the bank
fraction (Breitbart and Rohwer, 2005). [Image Reprinted with permission from

Elsevier 2005, license no. 5117391073027].



1.2 Delaware Bay and Chesapeake Bay

1.2.1 Estuarine ecosystems

An estuary is a body of water where fresh water and seawater measurably mix
(Pritchard, 1967). Estuaries are vital links between marine and terrestrial ecosystems,
and are among the most productive ecosystems on the planet (Field et al., 1998).
Estuarine systems encompass a complex spectrum of environmental gradients,
creating distinct microbial habitats, and the frequent fluctuation of environmental
conditions posts unique selective pressures to be exerted on organisms (Fortunato and
Crump, 2011). This study focuses on viral communities in the Delaware Bay and the

Chesapeake Bay, which are briefly described below.

1.2.2 The Delaware Bay

As the second largest estuary on the U.S. Atlantic coast, the Delaware Bay is an
archetypal, funnel shaped, well-mixed coastal plain estuary (Hermes and Sikes,
2016). The geometry of the bay is simple, with a mean depth of 8 m and a maximum
depth of 45 m (Aristizabal and Chant, 2014). It is heavily urbanized in the upper bay,
yet it supports important wetlands and fisheries in the lower bay, and its drainage
basin is dominated by agricultural activity (Sharp, 1983). It has been characterized as
a high nutrient and low biomass growth environment, with very little bottom water

hypoxia (Sharp et al., 2009).

1.2.3 The Chesapeake Bay

The Chesapeake Bay is the largest and most productive estuary in the U.S, featuring

shallow waters with a mean depth of 6.5 m. It is a partially mixed estuary featuring
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dynamic patterns of internal transport and a long (~180 days) water residence time
(Marshall et al., 2005; Du and Shen, 2016). The modern Chesapeake Bay was formed
by the most recent rise in sea level and is less than 10,000 years old (Schubel and
Pritchard, 1986). Annual freshwater flow from the Susquehanna River is highly
variable, impacting the ecology of the bay (Harding et al., 2016). The Chesapeake
Bay is considered a prominent example of nutrient over-enrichment in estuaries,
resulting in zones of hypoxia which is enhanced by summer stratification (Sharp et

al., 2009).

1.2.4 Comparison of Delaware Bay and Chesapeake Bay

The Delaware and Chesapeake Bays are separated by the Delmarva Peninsula, and
they differ in many aspects. The Chesapeake Bay has a huge watershed (about
166,000 km?) that is about 80 times larger than the Delaware Bay (about 2,000 km?)
(Scudlark and Church, 1993). The Delaware Bay receives enormous tidal flow, with 6
to 7 feet of tidal water, while the Chesapeake Bay has a smaller tidal difference (ca. 2
feet between high and low tide) (Sharp et al., 2009). Salt marshes and mudflats build
up the major shoreline of Delaware Bay, but are less prevalent in the Chesapeake Bay
(Scudlark and Church, 1993). The Delaware River, the main river input to the
Delaware Bay, is among the worst polluted waterways in the nation due to the
release of toxic chemicals from the surrounding industries (Seth Augenstein,
2012). On the other hand, the oxygen-depleted zone caused by eutrophication
in the stratified summer Chesapeake Bay waters posts a serious threat to many
economically important animal species such as blue crabs, oysters, and fish

(Boesch et al., 2001). In the Chesapeake Bay, phytoplankton productivity appears
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to decrease seaward with reduced nutrient levels (Harding et al., 1986; Fisher et al.,
1988). In contrast, only slight or no nutrient limitation was found in the Delaware Bay
(D’Elia et al., 1986; Fisher et al., 1988). In general, a large portion of the Chesapeake
Bay is nutrient-limited, while the Delaware Bay has higher nutrient and turbidity
levels (Fisher et al., 1988). It is unknown how these profound abiotic differences in

the two different estuarine ecosystems impact the virioplankton communities.

1.3 Bacterioplankton communities in the estuarine environment

1.3.1 Effect of estuarine conditions on bacterioplankton

In a highly dynamic estuarine environment, changes in environmental factors can
trigger genetic and ecological shifts in microbial communities (Herbert, 1999). Cell
densities and growth rates of bacteria in estuaries are generally higher than those in
coastal and river waters, and they tend to be highest in surface waters and turbid
regions (Wright and Coffin, 1983).

Bacterioplankton community shifts are highly dependent on the biological and
hydrological condition of the estuary. The community structure of bacterioplankton in
the Chesapeake Bay showed repeatable and predictable seasonal patterns as revealed
by the analysis of denaturing gradient gel electrophoresis (DGGE) of PCR-amplified
16S rRNA genes (Kan et al., 2006). This study provided the first comprehensive
understanding of the change of the Chesapeake Bay bacterial community over time
and space. Water temperature, Chl a, dissolved oxygen, nutrients, and viral
abundance all appear to play important roles in structuring the bacterial communities

in the Chesapeake Bay, while Chl a and water temperature are two major factors
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affecting the shift of bacterial communities (Kan et al., 2006). In a later study
involving cloning and sequencing analysis, the Chesapeake Bay bacterial community
exhibited much stronger seasonal, rather than spatial variation (Kan et al., 2007). The
stronger seasonal than spatial and interannual variations in the Chesapeake Bay were
confirmed by a recent study based on the deep sequencing of bacterial community (H.
Wang et al., 2020). The study also found repeatable patterns of interannual variation
among the estuarine bacterioplankton community (H. Wang et al., 2020).
Alternatively, in the Columbia River estuary, a salt wedge estuary, seasonal
variability of bacterioplankton was obscured by strong spatial variability (Fortunato et
al., 2012). Yet in the Delaware Bay, a well-mixed estuary, both seasonal and spatial
variation of bacterioplankton were strong (Campbell et al., 2011; Campbell and
Kirchman, 2013). Estuarine ecosystems are complex, and cannot be simplified based
on one ecosystem model. Therefore, the impact of environmental factors on
bacterioplankton community can be different between the Chesapeake Bay and

Delaware Bay.

1.3.2 Taxonomic composition of bacterioplankton in the Delaware Bay
and Chesapeake Bay

The taxonomic composition of the bacterioplankton community in the Delaware Bay
and Chesapeake Bay share similarities, and also some differences. Along the salinity
gradient of the Delaware Bay, the bacterioplankton composition changed from a
community dominated by Actinobacteria, Verrucomircobia and Betaproteobacteria
in fresh waters to a typical marine community dominated by SAR11 taxa,

Rhodobacterales, Gammaproteobacteria and Bacteroidetes in the lower bay
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(Campbell and Kirchman, 2013). Seasonally, it has been found that about half of the
Delaware Bay bacterial community cycles between rare and abundant species, with
rare bacteria acting as a ‘seed bank’ waiting for conditions to change (Campbell et al.,
2011). On the other hand, the Chesapeake Bay contains certain SAR11, Roseobacter,
SARS86 and Actinobacteria subclades that may be adapted to estuaries with long
residence times (Kan et al., 2008). The Chesapeake Bay has stronger temporal than
spatial variation, but in terms of spatial variation, Actinobacteria and
Betaproteobacteria still give way to Gammaproteobacteria from upper to lower
Chesapeake Bay, although the contrast is less stark compared to the Delaware Bay
(H. Wang et al., 2020). Meanwhile, Verrucomicrobia follows the opposite pattern
compared to the Delaware Bay, increasing along the salinity gradient (H. Wang et al.,
2020). Metatranscriptomic patterns of the Chesapeake Bay microbial community
differ between shallow and deep water, reflecting the effect of its summer

stratification (Hewson et al., 2014).

1.4 Virioplankton community in estuaries

1.4.1 Role of virioplankton in estuaries

Marine viruses are the most numerically abundant biological entities in the world and
are an important part of microbial communities (Suttle, 2005). Virioplankton are
usually one order of magnitude more abundant than bacterioplankton (Wommack and
Colwell, 2000). The abundance of virioplankton in the Chesapeake Bay is in the
range of 106-108 viral like particles (VLPs) per milliliter (Bergh et al., 1989;

Wommack et al., 1992), which can be 10-1,000 times more abundant than the viral
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concentration in the open ocean (Wommack and Colwell, 2000). The high abundance
of viruses in estuaries seems to be related to high bacterial biomass and productivity
in the estuarine environment.

Virioplankton are an active and dynamic component of estuarine microbiomes, and
are responsive to environmental changes (Wommack et al., 1999; Bench et al., 2007).
Viruses are an important part of the trophic system in estuaries as they are responsible
for bacterial mortality at a level similar to protist grazing (Wommack et al., 1992;
Fuhrman and Noble, 1995). Also, viruses are sensitive to the mixing of fresh and
marine water. Experiments to test the effects of freshwater and seawater mixing on
virioplankton and bacterioplankton in a tropical estuary showed viral production to
rapidly respond to shifts in the estuarine bacteria community, with virioplankton
following the dynamics of bacterioplankton within 24 hours (Cissoko et al., 2008).
Production of freshwater bacteria and viruses sharply declined as a result of seawater
addition, but marine bacteria and viruses were not significantly affected by freshwater
addition, possibly taking advantage of less adaptable freshwater cells bursting from

osmotic shock (Cissoko et al., 2008).

1.4.2 History of virioplankton ecology in the Chesapeake Bay

The Chesapeake Bay has a rich history of pioneer studies in virioplankton ecology.
Marine viruses were first discovered in 1955, but they were considered to be sparse,
hence unimportant until 3 decades later (Spencer, 1955). Numerous viral particles
were observed in the Chesapeake Bay as part of the first study to report high
abundances of viral particles in aquatic environments, alerting the world to the

potential ecological impacts of aquatic viruses (Bergh et al., 1989). There has been a
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continuous effort to understand the ecological role and diversity of the virioplankton
community in the Chesapeake Bay ever since.

The virus-to-bacterium ratio (VBR) is a good indicator of how phages interact with
bacteria in the natural environment. In the Chesapeake Bay the ratio varied from 3.2
to 25.6 (Wommack et al., 1992), suggesting that viruses are more abundant than
bacteria, and viral infectivity can affect the abundance of bacterioplankton. An inter-
annual study of virioplankton ecology, the Microbial Observatory of Virioplankton
Ecology (MOVE) project in the Chesapeake Bay was conducted between 2003 and
2007, with a goal to understand how the abundance and community structure of
virioplankton in the Chesapeake Bay change over time and space (Wang, 2007).
During the MOVE project, viral abundance and production were measured over a 54-
month study. Interestingly, viral abundance and viral production did not change
greatly from the upper to lower bay, despite strong environmental gradients (i.e.
nutrient, light, salinity, etc.) (Winget et al., 2011). The temporal dynamics of viral
productivity in the Chesapeake Bay can be affected by the abundance, productivity
and composition of bacterioplankton (Winget et al., 2011). It was estimated that viral
lysis released 76 pg of organic carbon per L per day in the Chesapeake Bay, and such
a viral lysis rate could support about 55% of organic carbon needed for daily
bacterioplankton production (Winget et al., 2011). The study suggested that
bacterioplankton are subject to frequent infection by virioplankton, and viral activity
contributes greatly to microbial carbon cycling in the Chesapeake Bay.

Wommack et al. (1992) applied Pulsed-Field Gel Electrophoresis (PFGE) to

investigate the change of viral community structure in the Chesapeake Bay. PFGE is
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able to separate viruses based on their genome sizes, therefore, the ds DNA dominant
viral populations from natural samples can be visualized and compared on PFGE
gels. In a survey of Chesapeake Bay samples collected from six stations in August
1995 and May, June, and July 1996, seven distinct genome size groups (23, 23 to
48.5, 48.510 97, 97 to 145.5, 145.5 t0 194, 194 to 242.5, and 242.5 kb) were
identified based on PFGE fingerprints (Wommack et al., 1992). The patterns of
PFGE fingerprints were analyzed based on principal-component and clustering
analyses, and they concluded that variations of viral communities in the Chesapeake
Bay were correlated with time, location and level of stratification. In a later study, a
different molecular method, Randomly Amplified Polymorphic DNA (RAPD) PCR,
was developed and used to investigate the dynamics of virioplankton communities in
the Chesapeake Bay (Winget and Wommack, 2008). Based on the RAPD-PCR
banding patterns, they reported that the Chesapeake Bay virioplankton community
exhibited stronger temporal than spatial variation, a pattern similar to the
spatiotemporal variations seen for the Chesapeake Bay bacterioplankton community
(Kan et al., 2007).

The first metagenomics study on estuarine virioplankton was conducted in the
Chesapeake Bay by sequence analysis of one sample pooled from nine different
locations in the Bay (Bench et al., 2007). The Chesapeake Bay viromics unveiled a
high proportion of unknown and novel sequences. Among identified and assigned
viral sequences, more than 90% were most similar to Caudovirales. More specifically,
42 and 41% of virus sequences belonged to members of the Myoviridae and

Podoviridae families, respectively, while Siphoviridae only account for 6% of the
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viral homolog sequences. This study provided the first viromic data on an estuarine
virioplankton community. Despite the limitation on low sequencing coverage in the
early days of viromic studies, it was found that the Chesapeake Bay virome contains a
high proportion of unknown and novel sequences. As viral samples were pooled, no
information on spatial and temporal patterns can be obtained from this study
Compared to the Chesapeake Bay, less is known about virioplankton in other
estuaries. In contrast to the Chesapeake Bay virioplankton, Siphoviridae consist as
much as one third of Caudovirales in the Jiulong River estuary and also the Pearl
River estuary (Cai et al., 2016; C. Zhang et al., 2021). Metagenomic studies have
found that estuarine viral communities are heavily influenced by marine waters, with
high percentages of typical marine viruses such as Pelagibacter phage, Roseobacter
phage, Puniceispirillum phage, and Ostreococcus phage (Cai et al., 2016; Hwang et

al., 2016).

1.5 Marine viral metagenomics

1.5.1 Findings of marine viral metagenomics

In the past ten years, the development of new sequencing technologies has greatly
advanced our understanding on microbial diversity in nature. Using next-generation
sequencing (NGS) technologies, a number of large-scale ocean sequencing projects
(e.g. Global Ocean Sampling Expedition, Malaspina Expedition, Pacific Ocean
Virome, Tara Ocean’s Global Ocean Virome (GOV)) have made viral metagenomic

databases increasingly accessible, revealing important findings about the diversity,
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spatial and temporal distribution of ocean viruses (Williamson et al., 2008; Hurwitz
and Sullivan, 2013; Brum et al., 2015; Roux et al., 2016, Gregory et al. 2019).

Early metagenomic studies revealed most of the viral community sequence space to
be unknown, inciting interest in exploring the vast diversity of marine viruses
(Breitbart et al., 2002, 2007). As studies involving a more diverse range of samples
were conducted, viruses were found to be globally distributed, but highly diverse on
the local scale, likely due to selection pressure of local environmental and biological
factors (Breitbart and Rohwer, 2005; Angly et al., 2006; Paez-Espino et al., 2016).
More detailed analysis of viral sequences revealed marine virus communities to be
taxonomically and functionally distinct across different seasons, depths and proximity
to shore (Hurwitz and Sullivan, 2013). Also, the distribution of viruses is dependent
on the distribution of their bacterial hosts, although viruses are also passively
dispersed by ocean currents (Brum et al., 2015). In the oligotrophic open ocean, most
dsDNA viruses persist over several years, forming a core viral community, but their
relative abundance and transcriptional activity fluctuates depending on the population
variation of their hosts (Aylward et al., 2017; Luo et al., 2020). A recent large-scale
study, Tara Ocean’s GOV 2.0, shows that marine viral communities can be separated
into five ecological zones, although no estuarine samples were included (Gregory et
al., 2019). Meanwhile, many viromic studies have shown that the most abundant viral
species in the ocean still remain unknown (Paez-Espino et al., 2016; Roux et al.,
2016).

Large-scale sequencing efforts generally only include a few sampling sites at coastal

and brackish locations (Bench et al., 2007; Rusch et al., 2007; McDaniel et al., 2008;
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Williamson et al., 2008; Cai et al., 2016; Hwang et al., 2016; Zeigler Allen et al.,
2017). Samples from different sites were sometimes combined to reduce the cost of
sequencing, and different sequencing methods often yielded differing results (Table
1.1). The Delaware Bay and Chesapeake Bay virioplankton community has been
studied before using metagenomics, but only using outdated Sanger sequencing
technology. As of now, there has not been any systematic study of spatial and
temporal variation of virus communities in dynamic estuarine environments using

deep sequencing technology.
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Table 1.1 Summary of estuarine metagenomic viral datasets to date. Abbreviations:

GOS, Global Ocean Sampling; BSV, Baltic Sea Virome; DEV, Delmarva Estuarine

Virome.
Publication Sample site(s) Salinity Study type Sequencing
method

Bench 2007 Chesapeake Bay NA Environmental Sanger
9 stations
combined)

Williamson 2008 Bay of Fundy, NA Environmental Sanger

(GOS) Canada
Delaware Bay NA
Chesapeake Bay  3.47

McDaniel 2008 Tampa Bay NA Induced virome 454 GS20

Cai 2016 Jiulong Estuary, 25.50 Environmental 454 GS FLX
China

Hwang 2016 Goseong Bay, 34 Environmental Illumina  Hiseq
Korea (6 stations 2000
combined)

Allen 2017 Baltic Sea (10 0-34.35 Environmental 454 GS FLX

(BSV) separate stations) (10 samples)

Zhang 2021 Pearl River 5-30 Environmental IHlumina Miseq
estuary (3 (3 samples)
separate stations)

This study (DEV) Delaware Bay (10 0.2-30.4 Environmental Illumina  HiSeq
separate stations) (16 samples) 2500

Chesapeake Bay
(6 separate
stations)
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1.5.2 Tools for viral metagenomic analysis

With the increased interest in viral metagenomics, numerous tools and pipelines have
emerged to handle different aspects of viral community data analysis. These tools are
in various states of accessibility, with some tools available as simple browser-based
web applications, and others that require extensive programming background. It has
been noted that the rapid development of viral community analysis software has
enabled the viral ecology field to shift from “specialists” to “non-specialists”,
allowing for more collaboration across different fields (Sullivan et al., 2017).

Here 1 list some of the tools | have used or attempted to use during the course of my
dissertation work, and is by no means an exhaustive list (Table 1.2). Other reviews
provide a more detailed evaluation and benchmarking of the functionality of various
virus metagenomic tools (Rose et al., 2016; Tangherlini et al., 2016; Roux et al.,
2017; Nooij et al., 2018).

Without a universal marker gene like in cellular microorganisms, methods specific for
viral community sequence analyses have been developed. Broad scale viral
classification generally relies on whole genomes to determine their phylogeny, with
methods such as the Phage Proteomic Tree, ViPTree, and VICTOR (Rohwer and
Edwards, 2002; Meier-Kolthoff and Goker, 2017; Nishimura et al., 2017). Assigning
viral sequences to known taxonomy is more difficult, since typically less than 3% of
aquatic virus community sequence data can be assigned to standard ICTV
(International Committee on Taxonomy of Viruses) taxonomy, but network analysis

based methods have been developed (Bolduc et al., 2017; Bin Jang et al., 2019). New
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technology such as machine learning has also been deployed to detect viruses from

metagenomic sequences (Ponsero and Hurwitz, 2019; Ren et al., 2020).

Table 1.2 Summary of different virus metagenomic tools and pipelines. *Not

specifically for viruses.
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Function

Comprehensive

Find viruses

Classification

Link viruses
and hosts

Name
Metavir2
VIROME
IMG/VR

MG-RAST*
Virsorter (iVirus)
Virfinder

VirusSeeker

IMG/VR
(identification part)
vContact 2.0
(iVirus)

Kaiju*
VirhostMatcher
VirHostMatcher-Net

IMG/VR

HostPhinder

Research group
Francois Enault
Eric Wommack

David Paez-Espino

Folker Meyer
Matt Sullivan
Jed Fuhrman
David Wang

David Paez-Espino
Matt Sullivan

Anders Krogh
Jed Furhman
Jed Furhman

David Paez-Espino

Mette VVoldby Larsen

Citation
(Roux et al., 2014)
(Wommack et al., 2012)

(Paez-Espino, Chen, et al.,
2017)
(Keegan et al., 2016)

(Roux et al., 2015)
(Renetal., 2017)
(Zhao et al., 2017)

(Paez-Espino, Chen, et al.,
2017)
(Bin Jang et al., 2019)

(Menzel et al., 2016)
(Ahlgren et al., 2017)
(W. Wang et al., 2020)

(Paez-Espino, Chen, et al.,
2017)
(Villarroel et al., 2016)
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Availability
web application
web application

IMG website

web application
Cyverse app
R package on github

bunch of perl scripts in need of
local configuration
Command line instructions

Cyverse app

web application
script on github
Command line application

IMG website

web application



1.5.3 Limitations of viral metagenomics

Unlike bacteria and other cellular microbes, viruses lack a universal conserved gene
such as the 16S rRNA and the 18S rRNA, limiting marker gene-based viral studies to
certain groups of viruses of which genome information is already reasonably known
(Sullivan, 2015). Hence, with the constantly decreasing costs of high-throughput
sequencing, viral metagenomics has become a widely used method of relatively
unbiased exploration of naturally occurring viral communities (Breitbart et al., 2007).
Despite being a powerful and widely used approach, metagenomic methods have a
few limitations:

(1) The analysis of community sequences is dependent on known sequences, but the
vast majority of metagenomic viral sequences are of unknown origin, for which the
term “viral dark matter” has been coined (Youle et al., 2012).

(2) Due to the nature of community-based sequencing, it is unknown whether the
sequences are from viable viral particles.

(3) It yields only relative viral abundance counts, and not absolute abundance counts
(Coutinho et al., 2018).

(4) It is difficult to connect viruses to the hosts they infect, although there have been
various methods to predict the hosts of viruses based on genome data (Table 1.2).
The limitations of viral metagenomics have prompted new methods of discovery
based on more precise, uncultivated methods such as single cell, single virus and

single molecule sequencing.
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1.6 Uncultured virus discovery

1.6.1 Using single-cell and single-molecule technoloqy for virus
discovery

With the rise of new methodology, an unprecedented amount of viruses is now being

discovered through non-culture based methods (Brum and Sullivan, 2015). The
uncultivated microbial community is being explored using shotgun metagenomics,
amplicon metagenomics, and single cell/virus genomics (Fig. 1.3). In recent years,
single-cell genomics has offered valuable insights into the marine viral community
(Labonté et al., 2015), discovering some of the most abundant and ecologically
significant viruses in the marine ecosystem (Martinez-Hernandez et al., 2017; Berube
et al., 2018). For example, the abundance of the single virus isolate VSAG 37-F6, of
which the putative host is Pelagibacter (Martinez-Hernandez, Fornas, et al., 2019), is
thought to rival or exceed that of Pelagibacter phage HTVCO010P and
Puniceispirillum phage HMO-2011, which were previously thought to be the most
abundant viruses in the ocean (Kang et al., 2013; Zhao et al., 2013; Martinez-
Hernandez et al., 2017). 37-F6 has also been found to be transcriptionally active in
the ocean, including in coastal eutrophic waters (Martinez-Hernandez et al., 2020).
Despite being ecologically important, 37-F6 was completely missed in viral ecology
studies prior to 2017, because the high microdiversity of its genome prevented it from
being assembled in traditional shotgun metagenomic datasets (Martinez-Hernandez et
al., 2017). Likewise, long-read single-molecule sequencing uses long Nanopore reads
(20 — 80 kb) to capture entire viral genomes without assembling, avoiding some of

the biases induced by short-read de novo assembly, thus revealing “hidden” viral
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diversity not covered by conventional metagenomic sequencing methods (Beaulaurier
et al., 2020). In summary, single amplified genomes (SAGS) provide a necessary
compliment to metagenome-assembled genomes (MAGS), due to limitations of

metagenome assemblies (Figure 1.3).
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Figure 1.3 Approaches to study the ocean microbiome through ecogenomics and
metagenomics. MAG, metagenome-assembled genome; SAG, single amplified
genome (Coutinho et al., 2018). [Image Reprinted with permission from Elsevier
2018, license no. 5117391254725].
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1.6.2 Cultured vs. uncultured viruses

Many marine microbes are difficult to culture in the laboratory due to their special
nutritional requirements (Joint et al., 2010). Cultivation and maintaining a large
collection of microbial cultures is labor-intensive and only practical for a limited
amount of microbial species. Since the recovery of infectious viruses is dependent on
the cultivation of the hosts they infect, cultured virus isolates represent an extremely
limited slice of total viral diversity in nature. Although cultivation technigques have
been improved significantly and many important viruses infecting abundant groups of
bacterioplankton have been isolated (Kang et al., 2013; Brum and Sullivan, 2015;
Buchholz et al., 2021), the progress is slow and still cannot provide a comprehensive
picture on viral diversity in nature. As of now, phages infecting abundant but
relatively slow-growing and difficult-to-culture marine bacteria still make up a
significant portion of marine viruses in the ocean (Z. Zhang et al., 2021).

Due to the advances of single cell, single molecule, and metagenomic methods,
starting from around 2016, uncultivated virus genomes have vastly outnumbered
cultured virus isolates (Fig. 1.4). As such, the International Committee on Taxonomy
of Viruses (ICTV) has recently started accepting viral taxonomy without cultured
isolates, using Minimum Information about an Uncultivated Virus Genome
(MIUVIG) standards (Roux et al., 2019). This development indicates the trend of
increased importance of uncultured viruses not only in viral community ecology, but

also virology in general.
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reprinted under Creative Commons license 4.0].
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1.7 Scope of this dissertation

1.7.1 Scope, questions and hypotheses

Among the most productive environments on earth, estuaries are important links that
connect terrestrial and marine ecosystems. The field of viral ecology is now 30 years
old, and is a maturing field, with changing paradigms in the face of accelerated
discovery and new technologies (Brum and Sullivan, 2015; Sullivan et al., 2017).
Recent years have seen a marked increase in the study of viral ecology using next-
generation sequencing technology, mostly focused on marine and freshwater
environments. However, our knowledge of estuarine viral communities is still
limited, and there are unanswered questions. How does the estuarine virioplankton
community vary across seasons and environmental gradients as seen through viral
metagenomics, and is the viral variation correlated with changes in the estuarine
bacterioplankton community? How do rare viruses and abundant viruses behave
differently in the estuarine ecosystem? How does the estuarine virioplankton
community differ from freshwater and oceanic virioplankton communities? The
Delaware Bay and Chesapeake Bay have a rich history of discoveries in microbial
ecology, but how has the advancement of technology impacted our understanding of
microbial ecology paradigms?

The goal of this dissertation is to investigate the diversity and tempo-spatial variation
of virioplankton communities in two temperate estuaries, Delaware and Chesapeake
Bays, using deep sequencing technology. The estuarine viral communities were
compared with coastal and open ocean viral communities which are available in the

public domain. We also investigated the presence of one rare marine virus group (N4-
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like viruses), and one abundant marine virus group (pelagiphages) in our viromic
database. Our laboratory has a long history of studying N4-like viruses, which have
unique genomic characteristics, but are of low abundance in the aquatic environment.
Pelagibacter phages are considered to be the most dominant viruses in the ocean, but
little is known about their presence in estuarine and freshwater environments. With
regard to these topics of interest, the following four specific hypotheses were tested in
my dissertation.

Hypothesis 1. The community structure of viruses in the Delaware Bay and
Chesapeake Bay varies greatly over spatial and temporal scales.

Hypothesis 2. The composition of the virioplankton community in the estuary is
different from that in coastal and open oceans.

Hypothesis 3. N4-like viruses are more prevalent in cold water based on viral
metagenomics.

Hypothesis 4. Pelagibacter phage abundance varies greatly along the salinity gradient

in the estuaries.
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1.7.2 Summary of chapters in this dissertation

This dissertation is split into 6 chapters. Chapter 1 is the introduction, providing
background and context to our studies. Chapter 2 describes the Delmarva Estuarine
Virome (DEV) dataset in detail, including the viral sequence processing (Sun et al.,
2021), providing a baseline for chapters 3, 4 and 5. Chapter 3, the highlight of this
dissertation, reveals how the viral community varies on the spatial and temporal scale
in the Delaware and Chesapeake estuaries (Sun et al., 2021). Chapter 4 and Chapter 5
investigates specific viral groups, based on the viral populations provided in Chapter
2. Chapter 4 explores the abundance and dynamics of N4-like viruses (a rare virus
group), and Chapter 5 explores pelagiphages (an abundant virus group) in the estuary.
While N4-like viruses are a group of viruses with highly conserved genomes infecting
various hosts, pelagiphages are a set of various phages that infect Pelagibacterales

(SAR11). Chapter 6 provides the summary and future directions of this dissertation.
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Chapter 2: Data descriptor: Delmarva Estuarine Virome
(DEV)

2.1 Introduction

The viral metagenomics study on the Delaware Bay and Chesapeake Bay is part of
the research project supported by the Community Science Program of the Department
of Energy (DOE) Joint Genome Institute (JGI). The project is entitled
“Biogeochemical cycling links between terrestrial and marine systems”, and was led
by four Pls, Barbara Campbell, David Kirchman, Feng Chen, and Michael Gonsior.
The goal of the project is to understand the impact of dissolved organic matter on
bacterial community in the estuarine environment. Virioplankton are abundant and
diverse in the estuarine ecosystem (Wommack and Colwell, 2000). The lytic activity
of viruses releases a significant amount of DOM which will influence the growth,
abundance and structure of microbial populations. Although the abundance of virus
like particles is generally correlated to the abundance of bacteria and phytoplankton,
little is known how viral lysis affects the composition of the microbial community
and re-distribution of DOM. To address this question, it is necessary to understand
the composition of the viral community and compare that to bacterial community
structure. In this project, paired metagenomic and metatranscriptomic analyses were
conducted for viral and bacterial communities collected from the same water samples,

on different spatial and temporal scales. The viral samples were collected from the

32



bays in 2014 and 2015, with a total of 16 viral community samples selected for
genome sequencing.
Thus, we present a set of dsDNA viral metagenomes from the Delaware Bay and

Chesapeake Bay, which we refer to as the Delmarva Estuarine Virome (DEV).

2.2 Methods

2.2.1 Water sample collection

Ten water samples were collected from the Delaware Bay in March,
August/September, and November, 2014, and six samples were collected from the
Chesapeake Bay in April and August 2015, on board RV Hugh R Sharp. Samples
were collected to reflect different salinity gradient in each estuarine ecosystem (Fig.
2.1). The overall sampling strategy was to collect viral communities across wide
spatial and temporal scale in both estuaries. Additional information about
environmental conditions can be found in Table 2.1 and Table S1. Samples DB8.2A
and DB8.2B are diel samples; samples CB8.2S, CB8.2M and CB8.2D were taken at

different depths (~1, 13 and 22 m, respectively).
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Figure 2.1 Sampling map for Delmarva Estuarine Virome (DEV) on the East coast of

North America. The map was created using Ocean Data View (Schlitzer, R., Ocean
Data View, https://odv.awi.de, 2019), with the ETOPO1 map (Amante and Eakins,

2009).
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At each of the sampling sites, water samples were collected using a Niskin bottle on a
Sealogger conductivity-temperature-depth rosette water sampler. For each sample, 10
L of seawater was prefiltered through 0.2 um pore-size membrane filters (Millipore
Corporation, Billerica, MA) to remove bacteria and larger organisms. Viral
communities were concentrated from the 0.2um filtrates following the FeCls
flocculation method described by John et al. (John et al., 2011). Viral dsSDNA was
extracted using the phenol/chloroform/isoamylol method (Sambrook and Russell,

2006).

2.2.2 Viral and bacterial counts

For viral and bacterial counts, 2 mL seawater was fixed in a final concentration of

0.5% glutaraldehyde at 4 ° C for 20 min, then stored at 4 ° C. Viral and bacterial

abundances were determined by Epics Altra Il flow cytometer (Beckman Coulter,
Miami, FL, USA) according to Brussaard (Brussaard, 2004). The fixed samples were
stained with SYBR Green | (Invitrogen, CA, USA) and enumerated at event rates of
50 - 200 particles/s (bacteria) or 100 - 300 particles/s (viruses). For every sample, 10
uL of 1 mm-diameter fluorescent microspheres (Molecular Probes Inc., OR, USA)
was added as reference beads. Each sample was run twice on the flow cytometer, and
the average of count values was taken. The data were analyzed by EXPOTM_32

MultiCOMP software (Beckman Coulter, Miami, FL, USA).

2.2.3 DNA sequencing and metagenome assembly

Viral DNA was sequenced using Illumina HiSeq 2500 (Illumina, San Diego, CA,

USA) at the Joint Genome Institute, US Department of Energy, generating paired-end
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(PE) reads with a read length of 150 bp. The resulting virome collection will be
referred to as Delmarva Estuarine Virome (DEV). Known Illumina adapters were
removed from sequencing reads and low-quality reads (Phred quality score < 12,
containing more than 3 “N’s, or length under 51 bp) were trimmed with BBDuk
(Bushnell, 2015). Remaining reads were mapped to a masked version of human
HG19 with BBMap, discarding all hits over 93% identity, in order to remove genetic
contamination during sample handling (Bushnell, 2015). Trimmed Illumina reads

were de novo assembled with Megahit using a range of K-mers (D. Li et al., 2016).

2.2.4 Viral contigs identification and annotation

Contigs that are likely to be of viral origin were selected using the method described
in Paez-Espino et al. (Paez-Espino, Pavlopoulos, et al., 2017). Briefly, contigs
smaller than 5 kb were discarded, ORFs were predicted for the remaining contigs and
were filtered based on the number of genes that they shared with known viral
proteins. The resulting list of contigs were considered to be viral, and were uploaded
to MG-RAST and annotated using the Refseq database (Keegan et al., 2016).
Rarefaction curves were generated by MG-RAST using data from the M5NR

database and visualized using ggplot2 in R (Ginestet, 2011; Keegan et al., 2016).

2.2.5 Viral contig cluster network

Viral contigs were clustered with BLASTN (e-value 1 X 10 %, >90% identity,

>75% covered length) using single linkage clustering (Paez-Espino, Pavlopoulos, et
al., 2017). Contigs not belonging to a cluster were deemed singletons. The clusters

and their interaction with the samples they are associated with were visualized using
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the prefuse force directed layout in Cytoscape (Shannon et al., 2003). Singletons

were omitted from the cluster visualization for clarity.

2.2.6 Viral populations and detection of circular viral contigs

To reduce redundancy for read mapping analysis, for each viral cluster, the longest
sequence within the cluster was deemed the seed sequence and was combined with
the singletons to form a non-redundant viral population database. Circular viral
contigs were detected using VRCA (ViRal and Circular content from metAgenomes),
which finds circular contigs in metagenome assemblies by identifying read overlaps
at the start/end of contigs (Crits-Christoph et al., 2016). To examine chosen circular
contigs of interest, a complete viral genome was reverse-complimented, annotated
using RAST, and visualized using DNAplotter from Artemis (Carver et al., 2009;
Brettin et al., 2015).

A summary of the sequence processing pipeline is given in Fig. 2.2.
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Figure 2.2 Diagram of viral sequence processing pipeline. For the number of reads

and scaffolds in each sample, see Table 2.2. For the number of contigs, clusters and

singletons in each sample, see Table 2.3.
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2.3 Results

2.3.1 Sample collection

Sixteen virioplankton community samples were collected from Delaware and
Chesapeake bays under a wide range of environmental conditions, with temperature
ranging from 4.0 °C to 27.3 °C, and salinity ranging from 0.2 to 30.0 ppt (Table 2.1).
In the Chesapeake Bay, samples from three different sampling depths were taken at
station 8.2 in August, stratification in the water column can be seen from the salinity
data (Table 2.1). The surface low salinity water contained higher concentrations of
nitrate, chlorophyll a and bacterial count compared to the middle (13.3 m) and deep
water (22.5 m) (Table S1). Fewer surface samples (n=4) were taken from the
Chesapeake Bay than the Delaware Bay (n=10). No November samples were taken in

the Chesapeake Bay.
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Table 2.1 Sample site information.

Sample Year Date Temperature Salinity

(°C) (ppt)
DB3.1 2014 19-Mar 4.4 0.2
DB3.2 2014 21-Mar 4.0 20.0
DB3.3 2014 22-Mar 4.0 30.4
DB8.1 2014 28-Aug 25.3 0.2
DB8.2A 2014 30-Aug 24.3 215
DB8.2B 2014 31-Aug 24.5 22.0
DB9.3 2014 1-Sep 243 28.8
DB11.1 2014 1-Nov 15.1 0.3
DB11.2 2014 2-Nov 138 15.4
DB11.3 2014 3-Nov 135 30.0
CB4.2 2015 12-Apr 85 9.1
CB4.3 2015 15-Apr 10.8 25.4
CB8.2S 2015 19-Aug 27.3 10.4
CB8.2M 2015 19-Aug 26.3 15.5
CB8.2D 2015 19-Aug 26.3 18.1
CB8.3 2015 22-Aug 26.6 26.7
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2.3.2 Viral and bacterial counts

Bacterial cell counts range from 1.4x10° to 8.7x10° cells per ml, while viral counts
range from 1.9x10° to 2.3x10® per ml, showing a much wider variance compared to
bacterial counts. As expected, the viral concentration is lower in winter months
compared to that of warmer seasons and is approximately 15-fold higher (ranging
from 0.07 to 99.13, average 21.10) than the bacterial concentration (Fig. 2.3). In the
Delaware Bay, viral and bacterial abundances remained consistent during the
summer, and increased with the salinity gradient during the winter.

The abundance of viruses in the sea is around 15-fold higher than that of bacteria and
archaea (Suttle, 2005), which matches our observations (Fig. 2.3). Other studies also
found viral counts and cell counts to be positively correlated to temperature in the
Chesapeake Bay, and observed stronger seasonal variation compared to spatial

variation (Winget et al., 2011).

41



1e+08

1e+07

. Cell counts

Viral counts

Counts per ml (log)

1e+06

1e+05

DB31 DB32 DB33 DB81 DB8.2A DBS2B DBS.3 DB11.1 DB11.2 DB11.3 CB42 CB4.3 CB8.2S'CB82M'CBS8.2D* CB8.3*
Sample

Figure 2.3 Bacterial and viral and count data in Delaware Bay (DB) and Chesapeake
Bay (CB) determined by flow cytometric counting. Cells per milliliter and viral
particles per milliliter are plotted on a logarithmic scale. *Cell counts for CB8.2D and

viral counts for CB8.2S to CB8.3 are missing.

42



2.3.3 DNA sequencing and metagenome assembly

Illumina HiSeq sequencing of the 16 viral samples produced 1,924 billion reads (150
bp, paired-end) in total, which was named the Delmarva Estuarine Virome (DEV).
The Delaware Bay samples yielded over twice as much sequencing depth as the
Chesapeake Bay samples, with an average of 151 million reads for the Delaware Bay,
and an average of 68 million reads for the Chesapeake Bay. An average of 690 Mbp
worth of contigs were assembled per sample. An overview of sequencing and

assembly results is shown in Table 2.2.
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Table 2.2 Sequencing results for DEV samples.

Sample  # of reads Percentage of low quality  # of scaffolds Scaffold total
(million) reads (Q<12) (thousand) size (MB)

DB3.1 135 1.20% 954 652
DB3.2 150 1.20% 1276 903
DB3.3 146 1.30% 899 595
DB8.1 124 1% 965 689
DB8.2A 120 1.20% 937 720
DB8.2B 140 1.30% 974 659
DB9.3 210 1.80% 1365 964
DB111 131 1.10% 827 590
DB11.2 218 1.50% 1816 1267
DB11.3 135 1% 1150 808
CB4.2 59 1% 658 509
CB4.3 64 0.60% 573 395
CB8.2S 66 0.80% 688 537
CB8.2M 68 0.60% 764 581
CB8.2D 87 1.20% 866 633
CB8.3 62 0.70% 690 536
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2.3.4 Viral contigs identification and annotation

An average of 3,012 viral contigs were identified for each sample using the approach
described in the IMG/VR database (Table 2.3) (Paez-Espino, Pavlopoulos, et al.,
2017; Paez-Espino et al., 2019). Rarefaction curves showed that the sampling of DEV

is close to saturation (Fig. 2.4).
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Table 2.3 Number of viral clusters and singletons, and percentage of trimmed reads

that map to viral populations.

Sample Viral Unique  Singletons  Mapped
contigs clusters percentage
DB3.1 2666 2065 439 27%
DB3.2 4521 2960 1353 32%
DB3.3 2645 1066 1472 24%
DB8.1 2846 697 1026 24%
DB8.2A 3025 2307 536 26%
DB8.2B 2650 2070 419 27%
DB9.3 3909 2535 1137 27%
DB11.1 2119 1046 1000 18%
DB11.2 5374 2106 3115 25%
DB11.3 3910 2776 900 32%
CB4.2 2309 1608 623 24%
CB4.3 1770 2144 542 26%
CB8.2S 2661 1282 1173 28%
CB8.2M 2842 823 1968 30%
CB8.2D 2548 1102 1491 25%
CB8.3 2395 1647 651 24%
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Figure 2.4 Rarefaction curves of each sample. Rarefaction curves were produced
using data from the M5NR database, representing species data of taxonomic

categories from 16 viral metagenomes. The cutoffs used were: alignment length:

15bp; e-value: e-5; percent identity: 60%.
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2.3.5 Viral contig cluster network

To explore the diversity of contigs recovered from the DEV samples, we classified
viral contigs into clusters and singletons based on the sequence similarity. A cluster is
a group of DEV contigs (at least two contigs) that share high sequence similarity,
while a singleton is a contig that does not belong to a cluster. From the 48,190 viral
contigs (16 samples combined), 9,204 viral clusters and 17,845 singletons were
detected. The number of clusters for each sample ranged from 697 to 2,960, while the
number of singletons ranged from 419 to 3,115, reflecting a large number of viral
contigs that are unique to their sample (Table 2.3). Sample DB11.2 produced the
largest amount of viral contigs (2,106), and also the largest amount of singletons
(3,115), suggesting the presence of a rich mid-bay viral diversity not found elsewhere
(Table 2.3).

A bipartite network was used to visualize the association between samples and
clusters (Fig. 2.5). Delaware Bay summer samples share relatively more clusters with
each other. Chesapeake Bay samples cluster distinctly from Delaware Bay samples,
and appear to show less similarity between them. Strangely, the two samples DB3.3
and DB11.1 were grouped together and away from the other samples, despite having

little in common (Fig. 2.5).
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Figure 2.5 Cluster network of viral clusters and samples visualized using Cytoscape.
Yellow nodes represent sampling stations; blue nodes represent viral clusters; edges
(black lines connecting the nodes) represent their association. Singletons were

omitted from the visualization for clarity.
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2.3.6 Viral populations and detection of circular viral contigs

By combining the viral cluster and singleton information, a total of 26,487 viral
populations were identified in the DEV samples (Table 2.4). The term “viral
populations” is a commonly defined term in viral ecology, the equivalent of (Brum et
al., 2015). An average of 26.2% trimmed reads mapped to viral populations in each
sample (Table 2.3), indicating that nearly three quarters of sequencing reads were not
identified as viral at the current setting. Among the viral populations, 319 circular
viral genomes were predicted via sequence overlaps. The length of circular viral
genomes ranged from 7.5 kb to 161.8 kb, and they were mostly present in low
abundance (average fpkm < 20) with one exception (Ga0070751 1000196). Further
details about said population can be found in Appendix B.

Since the viral contigs are assembled from short reads (150 bp), there is a limited
amount of complete or near-complete viral genomes, so it is likely that the number of
singletons is overestimated when different portions of the same viral genome are not
clustered together and instead broken into multiple contigs. This would overestimate
viral populations, but the same bias applies to all of the samples, so the cross-
comparison between DEV samples should not be affected as much. Our clustering
method, although not ideal, is nonetheless widely used by viral ecology researchers
and for applications including generating the IMG/VR database (Paez-Espino, Chen,
etal., 2017). As is mentioned in the IMG/VR paper, the advantage of this method
over tools such as Virsorter and vContact, is its non-targeted nature and ability to

detect highly divergent viral sequences, which we consider complimentary to the high
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sequencing depth and quality of our dataset. Therefore, we consider this clustering

method to be adequate in our situation.

Table 2.4 Length distribution of viral populations.

Viral populations > 5 kb 26,487
Viral populations > 10 kb 12,531
Viral populations > 25 kb 2,523
Viral populations > 50 kb 353
Total length (bp) 346,627,485
Largest contig (bp) 186,740
N50 (bp) 15,181
N75 (bp) 9,232
L50 6,505
L75 13,896
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2.4 Significance of the Delmarva Estuarine Virome (DEV)

This study revealed the diversity of the dSDNA virioplankton community in the
Delaware Bay and Chesapeake Bay using high-throughput sequencing. This is the
first systematic study of the spatial and temporal variation of the viral community in
estuarine habitats using deep metagenomics. Previously, the virioplankton community
structure in the Chesapeake Bay has been studied by sequence analysis of one sample
pooled from nine different locations in the bay, which was the first metagenomics
attempt to study the estuarine virioplankton (Bench et al., 2007). However, the
metagenomic sample was sequenced using Sanger technology and thus it could not
provide sufficient sequencing coverage for an in-depth assessment of the viral
community structure.

The DEV produced 288 Gb of sequencing data, which is a ~74,000 fold increase over
the 3.92 Mb produced by the previous Chesapeake Bay virome (Bench et al., 2007),
reflecting the vast improvement in sequencing technology over the years. Deep
sequencing generated a total of 48,190 assembled viral sequences (>5kb) and 26,487
viral populations (9,204 virus clusters and 17,845 singletons), including 319 circular
viral contigs between 7.5 kb to 161.8 kb. Sequencing information of our DEV
samples was compared to several major viromic datasets, which include Pacific
Ocean Virome, Tara Ocean Virome, Malaspina Virome, and Tara Oceans Polar
Circle Virome from GOV 2.0 (Table 2.5). Compared to other recent marine viral
metagenomic datasets, the DEV returned similar sequencing quality and its sequence
processing methods are in accordance with current standards. It is one of the highest
quality viral metagenomic datasets to date, showing remarkably consistent
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sequencing depth and quality across samples, allowing us to discover the above

patterns.
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Table 2.5 Comparison of recent marine viral metagenomic datasets. Abbreviations:

Pacific Ocean Virome (POV); Tara Ocean Virome (TOV); Tara Oceans polar circle

(TOPC); Global Ocean Virome (GOV); Delmarva Estuarine Virome (DEV). GOV

2.0 consists of TOV, Malaspina and TOPC.

POV TOV Malaspina TOPC DEV
(2013) (2015) (2016) (2019) (This study)
# of metagenomes 32 43 14 41 16
Average # of reads 188,128 100,706,767 28,334,677 53,500,000 120,278,861
per metagenome
Read length (bp) 310 101 151 101 151
Sequencing platform 454 Ilumina IHlumina Ilumina Ilumina
Titanium Hiseq 2000  Hiseq Hiseq HiSeq 2500
2000 18
Average # of contigs NA 88,878 Unknown Unknown 962,521
per sample (SOAP (Megahit)
denovo)
Average # of viral NA 5,852 (GOV 2.0) 3,012

contigs per sample
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Chapter 3: Uncultivated viral populations dominate
estuarine viromes on the spatiotemporal scale

3.1 Abstract

Viruses are ubiquitous and abundant in the oceans, and viral metagenomes (viromes)
have been investigated extensively via several large-scale ocean sequencing projects.
However, there has not been any systematic viromic studies in estuaries. Here, we
investigated viromes of the Delaware and Chesapeake Bay, two Mid-Atlantic
estuaries. Unknown viruses represented the vast majority of the dominant
populations, while the composition of known viruses, such as pelagiphage and
cyanophage, appeared to be relatively consistent across a wide salinity gradient and in
3 different seasons. A difference between estuarine and ocean viromes was reflected
by the proportions of Myoviridae, Podoviridae, Siphoviridae, Phycodnaviridae, and a
few well-studied virus representatives. The difference between the viral community
in the Delaware and Chesapeake Bays is significantly (P < 0.05) more pronounced
than the differences caused by temperature or salinity, indicating strong local profiles
caused by the unique ecology of each estuary. Highly abundant viruses (top 20) in
both estuaries have close hits to viral sequences derived from the marine single cell
genomes or long read single molecule sequencing, suggesting that important viruses

are still waiting to be discovered in the estuarine environment.
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3.2 Introduction

Estuaries are vital links between marine and terrestrial ecosystems, and are among the
most productive ecosystems on the planet (Field et al., 1998). Estuarine systems
encompass a complex spectrum of environmental gradients, creating distinct
microbial habitats, and the frequent fluctuation of environmental conditions cause
unique selective pressures to be exerted on organisms (Fortunato and Crump, 2011).
In a highly dynamic estuarine environment, changes in environmental factors can
trigger genetic and ecological shifts in microbial communities (Herbert, 1999).
Compared to coastal marine and river waters, bacterial densities and growth rates in
estuaries are generally higher, and tend to be highest in surface waters and turbid
regions (Wright and Coffin, 1983). The bacterioplankton community in the
Chesapeake estuary exhibit a strong and repeatable seasonal pattern, but less variation
across the spatial scale (Kan et al., 2006, 2007). Virioplankton are usually one order
of magnitude more abundant than bacterioplankton (Wommack and Colwell, 2000).
The abundance of virioplankton in the Chesapeake Bay is in the range of 10°-108 viral
like particles (VLPs) per milliliter (Bergh et al., 1989; Wommack et al., 1992), which
can be 10-1,000 times more abundant than the viral concentration in the open ocean
(Wommack and Colwell, 2000). Virioplankton are an active and dynamic component
of estuarine microbiomes, and are responsive to changes in environmental factors and
the bacterial community (Wommack et al., 1999; Bench et al., 2007; Cissoko et al.,
2008). They are an important part of the trophic system in estuaries as they are
responsible for bacterial mortality at a level similar to protist grazing (Wommack et
al., 1992; Fuhrman and Noble, 1995).
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In the past ten years, the development of new sequencing technologies has greatly
advanced our understanding on microbial diversity in nature. Using next-generation
sequencing (NGS) technologies, a number of large-scale ocean sequencing projects
(e.g. Global Ocean Sampling Expedition, Malaspina Expedition, Pacific Ocean
Virome, Tara Ocean’s Global Ocean Virome (GOV)) have made viral metagenomic
databases increasingly accessible, revealing important findings about the diversity,
spatial and temporal distribution of ocean viruses (Williamson et al., 2008; Hurwitz
and Sullivan, 2013; Brum et al., 2015; Roux et al., 2016, Gregory et al. 2019). The
most recent study, Tara Ocean’s GOV 2.0, shows that marine viral communities can
be separated into five ecological zones, although no estuarine samples were included
(Gregory et al., 2019). Meanwhile, many viromic studies have shown that the most
abundant viral species in the ocean still remain unassigned to known viral taxa (Paez-
Espino et al., 2016; Roux et al., 2016). Large-scale sequencing efforts generally only
include a few sampling sites at coastal and brackish locations (Bench et al., 2007;
Rusch et al., 2007; McDaniel et al., 2008; Williamson et al., 2008; Cai et al., 2016;
Hwang et al., 2016; Zeigler Allen et al., 2017), but there has not been any systematic
study of spatial and temporal variation of virus communities in dynamic estuarine
environments using deep sequencing technology (Table 1.1).

In this study, sixteen virioplankton samples were collected from the Delaware Bay
and Chesapeake Bay from low (0.2 - 0.3 ppt), medium (9.1 — 22.0 ppt) and high (25.4
- 30.4 ppt) salinity sites during three different seasons. High throughput sequencing
with deep sequencing coverage of these estuarine samples enabled us to analyze the

spatiotemporal variation of viral community in the two large estuarine ecosystems.
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3.3 Methods

3.3.1 Relative abundance of viral populations and relationship with
environmental variables

Quality trimmed DNA reads were mapped to the non-redundant viral populations
using BBMap with the mapping parameters as recommended in viromic
benchmarking studies (>90% identity, >75% contig length) (Bushnell, 2014; Roux et
al., 2017). Reads were counted and normalized to FPKM (Fragments Per Kilobase
Million) using SAMtools (Li et al., 2009). FPKM is commonly used as a proxy for
relative abundance in viral community studies (Roux et al., 2017). Total FPKM of
each sample was added together for each viral population and ranked to find the most
abundant viral populations.

To explore similarity of samples based on viral population profiles, a non-metric
multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity matrices was
plotted using the vegan package in R and visualized using ggplot2 (Ginestet, 2011,
Oksanen et al., 2018). Due to computing constraints, only the most abundant 5,000
(out of 26,487) viral populations (mean FPKM > 3.87) were used for this analysis. To
further quantify the similarity of viral population profiles across different groups of
samples, analysis of variance (ANOSIM) test was performed with the same 5,000
viral populations using the vegan package in R (Oksanen et al., 2018).

The top 20 most abundant viral populations were chosen to represent the dominant
viruses in the estuaries, and their abundance was plotted using ggplot2 in R (Ginestet,
2011). To identify the top 20 viral populations, they were searched against the NCBI-

nr database with BLASTN (Altschul et al., 1990). To further explain the relationship
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between the abundance of dominant viruses and environmental variables, redundancy
analysis (RDA) was plotted for the top 20 viruses using the vegan package in R, and

visualized using type I scaling in ggplot2 (Ginestet, 2011; Oksanen et al., 2018).

3.3.2 Host prediction

Putative hosts were predicted in silico by comparison of viral populations to known
CRISPR (clustered regularly interspaced short palindromic repeats) spacers. The
collection of CRISPR spacers from the Microbial Isolate Genomes from the IMG/M
database was used as a blastn query against all of the viral populations, and hits were
used if they were 100% length, allowing a max of 1 mismatch (Altschul et al., 1990).
The resulting virus-host pairings were sorted according to the total relative abundance

(FPKM) of the viral populations.

3.3.3 Viral taxonomy of DEV reads and relationship with environmental
variables

The analysis of known viral taxonomy was handled separately from that of abundant
viral populations, in order to get a comprehensive picture of both the classified
viruses and the viral “dark matter” in the estuaries. To acquire the taxonomy of
known viruses, trimmed reads were classified using Kaiju (Menzel et al., 2016), and
taxonomy was assigned via comparison with Kaiju’s built-in “viruses” database (as of
June 2019), using the default greedy mode parameters. A classification summary was
created using the kaiju2table program, and percentages of reads for each taxon were
used as a proxy for species relative abundance. The abundance of species with
percentage greater than 0.1% in DEV were plotted using ggplot2 in R (Ginestet,

2011). These species were categorized according to the host they are presumed to
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infect, derived from the species name, and may not reflect their ability to infect other
potential hosts. The category “Cyanophage” may include Prochlorococcus and
Synechococcus phages. All species were categorized according to family, and the top
4 most abundant viral families were plotted.

To explain the relationship between abundant species and environmental variables,
redundancy analysis (RDA) was plotted for species in DEV with greater percentage
than 0.1% in DEV using the vegan package in R, and visualized using type | scaling

in ggplot2 (Ginestet, 2011; Oksanen et al., 2018).

3.3.4 Comparison of viral taxonomy with oceanic samples

To compare the viral composition of estuarine and open ocean waters, the
metagenomic reads of 4 publicly available oceanic surface water samples were
downloaded and assigned taxonomy with Kaiju, using the above methods (Aylward et
al., 2017; Gregory et al., 2019). The viral metagenomic samples (from TARA
Oceans, Hawaii Ocean Experiment) were chosen due to their similar sequencing

technology and depth, and their wide global distribution (Fig. 3.1, Table 3.1).
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Figure 3.1 Map of oceanic samples used in viral taxonomy analysis. The map was
created using Ocean Data View (Schlitzer, R., Ocean Data View, https://odv.awi.de,
2019).

Table 3.1 Sampling Conditions of oceanic samples used in viral taxonomy analysis.

Dataset = Sample Date Local Time Region Temp (°C) = Salinity (ppt)
GOV 2.0 125 SRF 2011-08-08 17:33 Mid-Pacific 27 35
GOV 2.0 072_SRF 2010-10-05 08:00 Mid-Atlantic 25 36
GOV 2.0 048_SRF  2010-04-19 07:56 Indian Ocean 30 34
HOE HOE_17 | 2015-07-27 10:05 Pacific (Hawaii) 27 35

61



3.4 Results

3.4.1 Spatiotemporal distribution of abundant viral populations

The relative distribution frequency of the top 20 most abundant viral populations
(recruiting 4.6% of all reads) in these 16 estuarine samples were compared (Fig. 3.2).
In the Delaware Bay, abundance variation in summer samples appears to be more
consistent across the salinity gradient than that of spring or fall samples (Fig. 3.2).
The relative abundances of these top 20 viral populations seem to be more variable in

the Delaware Bay than in the Chesapeake Bay (Fig. 3.2).
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Figure 3.2 Relative abundance bubble plot of the top 20 most abundant viral
populations for all 16 samples. Size of the bubbles correspond to the FPKM
(Fragments Per Kilobase Million) for each sample, colors correspond to top BLAST

hit of the viral population.
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When comparing the most abundant viruses against other known sequences using
BLASTN search against the NCBI-nr database, they were mostly found to share the
closest similarity to other viral metagenomic sequences, or prokaryotes discovered
using non culture-based methods such as single cell genomics and single-molecule
sequencing (Table 3.2). Of the top 20 abundant virus populations, four shared the
closest similarity to Bacterium AG-311-K16, a marine cyanobacteria isolated using
single cell technology (Berube et al., 2018); one shared the closest similarity with
VSAG 37-J6, a virus discovered using single-virus genomics (Martinez-Hernandez et
al., 2017); eight matched viral sequences derived from assembly-free single-molecule
sequencing (Beaulaurier et al., 2020); four matched uncultured viral populations from
GOV (Gregory et al., 2019); and one was completely novel. The only two readily
identifiable cultured virus isolates in the top 20 were the putative Acinetobacter
phage (Ga0070751_1000196) and Pelagibacter phage HTVC111P

(Ga0099850 _1004602). The putative Acinetobacter phage was found to be highly
abundant in several Delaware Bay samples (the most abundant population in DB3.1
and DB8.2B) but was not present in Chesapeake Bay samples. More information
about this population is provided in Appendix B. In addition, a diel variation was

noticed in DB8.2A and DB8.2B samples.

64



Table 3.2 Nucleotide BLAST results of top 20 abundant viral populations against nr

database. FPKM: fragments per kilobase million.
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Viral population Length Total fpkm  Top hit Query cover E value Id
Ga0070747_1005161 5953 9474 Marine virus AFVG_25M393 4% 3.00E-35 75%
Ga0070751_1000196 42033 7894 Acinetobacter phage vB_AbaP_Acibel007 47% 0.00E+00  73%
Ga0070751_1009197 5120 4862 Bacterium AG-311-K16 Ga0172223_11 90% 0.00E+00 80%
Ga0099847_1001753 7593 3814 None

Ga0099850_1002881 8091 3508 Bacterium AG-311-K16 Ga0172223 11 90% 0.00E+00 77%
Ga0070750_10005120 7119 3497 Prokaryotic dSDNA virus sp. isolate GOV _bin_15 54% 0.00E+00 73%
Ga0070752_1009451 5331 3343 Prokaryotic dSDNA virus sp. isolate Tpl_138 SUR_25606_1 65% 6.00E-164 71%
Ga0070749_10012147 5544 3042 Prokaryotic dSDNA virus sp. isolate GOV _bin_3107 3% 3.00E-29 76%
Ga0070748_1005289 5790 2875 Marine virus AFVG_117M37 86% 0.00E+00 77%
Ga0070746_10007963 6108 2797 Bacterium AG-311-K16 Ga0172223 11 58% 0.00E+00 80%
Ga0070754_10011620 5489 2618 Prokaryotic dsSDNA virus sp. isolate GOV_bin_2950 39% 3.00E-123 70%
Ga0099847_1001758 7589 2580 Marine virus AFVG_117M42 97% 0.00E+00 75%
Ga0099847_1002485 6383 2551 Marine virus AFVG_117M61 39% 0.00E+00 74%
Ga0099849 1006688 5235 2485 Marine virus AFVG_25M322 100% 0.00E+00 80%
Ga0070746_10007068 6491 2343 Uncultured virus clone vVSAG-37-J6-1 57% 0.00E+00  70%
Ga0070753_1004623 6993 2269 Bacterium AG-311-K16 Ga0172223 13 39% 0.00E+00 80%
Ga0070751_1008911 5219 2166 Marine virus AFVG_117M42 56% 0.00E+00 78%
Ga0099846_1000309 20226 2129 Marine virus AFVG_25M87 43% 0.00E+00 83%
Ga0099850_1004602 6449 2127 Pelagibacter phage HTVC111P 86% 0.00E+00 78%
Ga0070754_10007451 7156 2077 Marine virus AFVG_25M13 52% 0.00E+00 71%
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The top 5,000 most abundant virus populations were used to evaluate the similarity
between different samples. NMDS ordination shows that the 16 viromes were
clustered according to their bay of origin (Fig. 3.3). Delaware Bay summer samples
clustered together, but otherwise, samples generally did not cluster according to
season or salinity (Fig. 3.3). This is further confirmed by an ANOSIM test;
dissimilarity between groups was only significant when grouping samples by bay of
origin (Table 3.3). Inexplicably, samples DB3.1 and DB11.1 clustered together and
away from other samples, the two of them showing significant dissimilarity against

other samples (Fig. 3.3, Table 3.3).
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Figure 3.3 Non-metric multidimensional scaling (NMDS) plot made from top 5,000

most abundant viral populations. Stress level is indicated. DB: Delaware Bay; CB:

Chesapeake Bay. Convex hulls are plotted around samples of each bay.

Table 3.3 Analysis of similarity (ANOSIM) test based on top 5,000 most abundant

viral populations (*P < 0.05).

Grouping by R P
Delaware vs. Chesapeake Bay 0.35 0.0168*
Delaware vs. Chesapeake Bay (without CB8.2S and CB8.2M) 0.3422 0.0348*
Seasons 0.1905 0.087
Temperature (>20°C vs. <20°C) 0.1624 0.0566
Location (upper vs. mid vs. lower bay) 0.1667 0.1059
DB3.3 & DB11.1 vs. other samples 0.9519 8e-04*
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Redundancy analysis (RDA) revealed the putative Acinetobacter phage
(Ga0070751_1000196) and the most abundant viral population
(Ga0070747_1005161) to be outliers with regard to their relationship with
environmental parameters (Fig. 3.4). Their variance is not significantly (P < 0.05)

correlated with Chl.a concentrations, despite what the RDA figure may suggest.
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Figure 3.4 Redundancy analysis (RDA) ordination diagram (biplot) of top 20 viral
populations (black) and environmental variables (blue). RDAL explains 9.2% of
variance, while RDA2 explains 6.5% of variance. Labels of data points below 0.15
have been omitted for clarity. The angles between populations and environmental

factors denote their degree of correlation.
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3.4.2 Host prediction

Putative hosts were able to be predicted for 102 out of 26,487 viral populations based
on shared CRISPR spacers (Table S2). The relative abundances of these viral
populations are low, all ranking below the top 3,000, consisting only 0.1% of the total
FPKM of viral populations. Their predicted hosts also tend to be prokaryotes of low

abundance.

3.4.3 Read-based viral taxonomy of DEV

Since the majority of sequences are unable to be connected to known viral taxa,
separate analyses were conducted for reads assigned to known viruses, and viral
contigs in general. The following 4 figures (Fig. 3.5 to Fig. 3.8) show the results of
read level classification by Kaiju. Kaiju assigned ca. 10% (7.2% to 16.9%) of
trimmed reads to known viruses in all the DEV samples except for CB8.2M (Fig. 3.5,
Fig. 3.6). The proportion of reads matching representative viral groups
(Acinetobacter phage, Puniceispirillum phage, Pelagibacter phage, Synechococcus
phage, Prochlorococcus phage, unknown cyanophage) is markedly lower in samples
DB3.3 and DB11.1 (Fig. 3.6). Viruses infecting other hosts were omitted from Fig.
3.6 due to low abundance (< 0.05%). When the overall abundance pattern of Kaiju-
determined known viruses (Fig. 3.7) is compared to the top 20 viral populations (Fig.

3.2), the variation of known viruses seem to be less dramatic.
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Figure 3.5 Relative abundance of main viral families, from categorization of known
viruses by Kaiju read classification. The last four samples are oceanic; sample

information can be found in Fig. 3.1 and Table 3.1.
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Figure 3.6. Relative abundance of viral species categorized by presumed host, from
categorization of known viruses by Kaiju read classification. “Cyanophage” may
include Prochlorococcus and Synechococcus phages. Groups of viral species assigned
a certain host with low abundance (< 0.05%) were omitted. The last four samples are

oceanic; sample information can be found in Fig. 3.1 and Table 3.1.
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At the family level, the majority of reads (93% ~ 98%) were assigned to
Caudovirales, with a lower proportion of Siphoviridae compared to the other two
families (Fig. 3.5). Viral taxonomy at the family level is relatively stable across
different samples, although the Chesapeake Bay appears to have a higher relative
abundance of Myoviridae compared to the Delaware Bay. Sample CB8.2M showed
an especially high proportion of myoviruses, and DB11.1 showed a relatively higher
proportion of Siphoviridae (Fig. 3.5).

When categorizing the viruses by the host they are presumed to infect, cyanophages
were found to be prevalent in the estuaries and more abundant during warmer seasons
(Fig. 3.7, Fig. 3.5). The CB8.2M sample shows a large number of Synechococcus
phages (Fig. 3.6). The most abundant cyanophages in the DEV tend to be related to
those isolated from the North Atlantic Ocean or the Chesapeake Bay (Fig. 3.7). A
small fraction (<1%) of Prochlorococcus phage sequences were present in almost all
estuarine samples (Fig. 3.6). Pelagibacter phages and Puniceispirillum phages consist
a large proportion of reads (up to 3%) (Fig. 3.6), but do not show strong variation
patterns throughout different samples, despite strong salinity gradients (Table 2.1,

Fig. 3.7).
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Figure 3.7 Bubble plot of most known abundant viral species (greater than 0.1%
reads) in DEV, derived from taxonomy of known viruses by Kaiju read classification.
Size of bubbles corresponds to the percentage of reads that are binned to the virus

species. The last four samples are oceanic; sample information can be found in Fig.

3.1 and Table 3.1.
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Redundancy analysis (RDA) indicated the degree of correlation between abundant
viral species and environmental factors. As expected, viruses are generally grouped
according to their putative hosts, with all cyanophages, pelagiphages and
Acinetobacter phages clustered near each other on the biplot (Fig. 3.8). Acinetobacter
phages are outliers compared to other abundant species in terms of their relationship
with environmental variables, and are positively correlated with chlorophyll a
concentration. Pelagibacter phages and Puniceispirillum phages exhibited a positive
correlation with salinity, while cyanophage presented a positive correlation with
temperature, NH4", SiOs” and PO+ concentrations, and a negative correlation with

NOs" concentrations (Fig. 3.8).
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Figure 3.8 Redundancy analysis (RDA) ordination diagram (biplot) of abundant
known viral species (black) in DEV and environmental variables (blue), from
taxonomy of known viruses by Kaiju read classification. RDA1 explains 33% of
variance, while RDA2 explains 28% of variance. Labels of data points below 0.1
have been omitted for clarity. The angles between virus species and environmental

factors denote their degree of correlation.
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3.4.4 Viral taxonomy of estuarine viromes vs. open ocean viromes

The percentage of known viruses (ca. 10%) were similar between the DEV samples
and the four ocean samples (Fig. 3.5, Fig. 3.6). On the family level, a higher
proportion of Myoviridae were found in oceanic samples; Phycodnaviridae were
found in all estuarine samples (ranging from 1.5% to 4.6% of all viral reads), but
were not detected in oceanic samples (Fig. 3.5). Oceanic samples contained
significantly more Prochlorococcus phage than the estuarine environments (Fig. 3.6).
Compared to open ocean, Puniceispirillum phage and Pelagibacter phage appear to
more abundant in the estuarine environment (Fig. 3.6). Despite differences in
sampling methods across different cruises, the viral taxonomy results were
comparable due to the similar sequencing technology employed, lending reasonable

legitimacy to the viral taxonomy methods used in this study.

3.5 Discussion

3.5.1 Known and unknown viruses in the DEV

Due to the large proportion of unknown viruses in metagenomic datasets, the analysis
of known viruses and abundant viruses were handled separately. In accordance with
other viral metagenomic studies, the majority of trimmed reads remain unclassified,;
only 10% of reads were assigned to known viral taxa, while this value for other
viromes range from 0.74% to 21% (Cai et al., 2016; Hwang et al., 2016). When
looking at viral contigs identified using the IMG/VR process, approximately 26% of
reads were mapped to the viral populations (Table 2.3), indicating that the viral

populations encompass significantly more of the sequence data than known RefSeq
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viruses. This proportion echoes a global viromic study where only 25% of predicted
proteins were found to have similarity with any known viral proteins (Paez-Espino et
al., 2016), suggesting that the majority of viral sequences are still unknown.
Compared to the dramatically changing unknown viral populations, the composition
of the known viral community is relatively more stable throughout different seasons
and locations in the estuaries (Fig. 3.7, Fig. 3.2). Attempts to identify the most
abundant viral populations in the DEV found them to be mostly novel and not
matched to cultured viral isolates (Table 3.2). This implies that the most dynamic and
abundant viral species in the estuaries have not yet been characterized. Indeed, the
failure of known CRISPR spacers to predict hosts of more abundant (FPKM > 100)
viral populations further indicates the novelty of the most prolific species in the DEV
(Table S2). The spatiotemporal pattern of these abundant but uncultivated viruses is

more variable compared to that of cultured viruses.

3.5.2 Spatiotemporal pattern of estuarine virioplankton

The relative abundance of viral populations varied greatly throughout different
seasons in the Delaware Bay (Fig. 3.2), supporting the “seed bank model” which
states that most viruses exist in an inactive status throughout the year while only the
most abundant viruses are active in a given community (Breitbart and Rohwer, 2005).
It has been found that about half of the Delaware Bay bacterial community cycles
between rare and abundant species, with rare bacteria acting as a “seed bank” waiting
for conditions to change (Campbell et al., 2011). Our results showed that the
Delaware Bay viral community displays a similar pattern to its bacterial community,

which is also consistent with a previous viromics study (Angly et al., 2006).
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It was difficult to discern a variation pattern in the Chesapeake Bay due to the low
number of samples, and the lack of upper bay sites. CB8.2M showed a significantly
higher proportion of known viral reads compared to other samples (Fig. 3.5, Fig 3.6),
but did not show high amounts of reads mapping to the most abundant viruses (Fig.
3.2), further indicating that known viruses follow different patterns than abundant
viruses.

In general, the bacterioplankton community in the Delaware Bay varies drastically
along the salinity gradient, the dominant bacteria changing from Actinobacteria and
Verrucomircobia in the upper estuary, to Pelagibacter and Rhodobacterales in the
lower estuary, the community showing a clear shift from a “freshwater” profile to an
“oceanic” profile (Campbell and Kirchman, 2013). In contrast, although also variable,
the virioplankton community does not show such a distinct transition from upper to
lower estuary (Fig. 3.7, Fig.3.6, Fig. 3.2). This is supported by the finding that
location in the estuary is not a significant factor in community similarity (Fig. 3.3,
Table 3.3). This is perplexing given that viruses are dependent on their hosts for
replication, but our identification of viruses may be skewed since freshwater viruses
are poorly characterized compared to marine viruses, while bacteria in both
environments are better characterized than viruses in general (Kavagutti et al., 2019).
Despite the geographic proximity of the two estuaries, the viral community in the
Delaware Bay is significantly different from that in the Chesapeake Bay (Fig. 3.3,
Table 3.3). The viral population differences between the two bays is more distinct
than that caused by similar temperature or salinity (Table 3.3). This distinction may

be a result of the various abiotic differences between the two estuaries, including the
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larger watershed and nutrient limitation in the Chesapeake Bay (Fisher et al., 1988).
In the Delaware Bay, abundance patterns of both known and unknown viruses appear
to be variable along the salinity gradient in the spring and fall, but relatively
consistent from the upper to lower bay in the summer (Fig. 3.7, Fig. 3.2). This spatial
and seasonal pattern is more pronounced in the unknown viruses, which display more
dramatic changes (Fig. 3.2). The primary source of freshwater in the Delaware Bay is
the Delaware River, and high levels of river discharge during the spring causes
stratification in the estuary, impacting the spatial variation of phytoplankton
production, leading to variation in the microbial community along the salinity
gradient (Sharp et al., 1986). While in the summer, lower levels of discharge allow
for better mixing and more consistent phytoplankton production levels along the
Delaware estuary, leading to a more stable microbial community. In contrast to the
Delaware Bay, such spatial and seasonal abundance patterns are obscured for the
partially-mixed Chesapeake Bay due to the amount of tributaries along its length and
its relatively long water residence time (~180 d) (Du and Shen, 2016). An inter-
annual study found that viral abundance and viral production did not change greatly
from the upper to lower Chesapeake Bay, despite strong environmental gradients
(Winget et al., 2011). The DEV relative abundance data concurs by showing little
influence from salinity gradients in the Chesapeake Bay, although this may be due to
the lack of upper bay samples in this study (Fig. 3.2). The inclusion of different
sampling depths in the Chesapeake Bay but not the Delaware Bay is also a

contributor to the statistical dissimilarity between the two bays (Table 2.1, Fig. 3.3,
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Table 3.3). The spatial and temporal variations have allowed us to reveal the above
patterns in the estuarine virome.

In several of the analyses conducted in this study, samples DB3.3 and DB11.1 show a
similar community structure that is distinct from the other DEV samples. A lower
percentage of known viruses were identified in these two samples (Fig. 3.5, Fig. 3.6),
correspondingly, higher abundances of unknown viruses were observed (Fig. 3.2).
These two samples were grouped together and away from the other samples, both in
the qualitative cluster network plot of viral contigs (Fig. 2.3), and the NMDS plot of
abundant viral populations (Fig. 3.3). Analysis of variance (ANOSIM) testing showed
significant dissimilarity when grouping these two samples vs. other samples (Table
3.3). The different community structure of these two samples may be indicative of
some episodic event in the Delaware Bay, the cause of which is not documented in
the environmental factors we currently have access to (see Table S1). It is also
possible that DB11.1 may have been switched with DB11.2 or DB11.3 at some point
during the sample or sequencing processing, but not enough evidence was found
regarding the nature of the switch, so the current sample organization will be retained

until further supporting evidence is uncovered.

3.5.3 Comparison of the DEV with other estuarine and oceanic viromes

On the family level, members of the viral family Myoviridae are generally found to
be most abundant in the open ocean, followed by those from the Podoviridae, while
Siphoviridae family viruses are less common (Aylward et al., 2017). Estuaries appear
to follow an overall similar trend. The higher proportion of Siphoviridae in DB11.1

may be influenced by terrestrial runoff at its high, riverine position (Fig. 2.1, Fig.
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3.5). Estuarine samples from the GOS viral metagenomic study found that the
Chesapeake Bay has a higher relative abundance of Myoviridae compared to the
Delaware Bay (Williamson et al., 2008), which concurs with our results (Fig. 3.5).
Since then, a viral community study involving both the Delaware Bay and the
Chesapeake Bay has not been conducted. The early study on the Chesapeake Bay
found that the proportion of Siphoviridae is much lower than that of Myoviridae and
Podoviridae, and rare occurrence of viruses with eukaryotic hosts (Bench et al.,
2007), which is consistent with this study (Fig. 3.5). Other estuarine viromes in Korea
and the Baltic Sea also showed high proportions of Myoviridae and Podoviridae
members (Hwang et al., 2016; Zeigler Allen et al., 2017; Garin-Fernandez et al.,
2018), although a study in China found higher proportions of Siphoviridae than
Myoviridae in the estuary (Cai et al., 2016). This shows that virioplankton in estuaries
around the world have a similar structure on the family level. In this study, a higher
proportion of Myoviridae was found in oceanic samples compared to estuarine
samples; the relatively higher proportion of Myoviridae in CB8.2M and CB8.2D may
be due to the influence of oceanic water from vertical stratification, as is evidenced
by their higher salinity compared to the surface water sample (Fig. 3.5, Table 3.1).
Cyanomyovirus are more abundant relative to cyanopodovirus in coastal and open
ocean viral metagenomes compared to those in estuaries (Huang et al., 2015). Since a
large portion of known viruses in the DEV are cyanophage (Fig. 3.6), this supports
our current findings. Phycodnaviridae are abundant and ubiquitous in the oceans, but
this study did not find Phycodnaviridae in oceanic sites (Endo et al., 2020). The

absence of Phycodnaviridae in oceanic sites in this study may be due to differing
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bioinformatic methods used. Since Phycodnaviridae are larger than Caudovirales
with capsid size ranging from 100-220 nm (Wilson et al., 2009), it may also be due to
the difference in viral sampling techniques on different cruises.

Cyanophages and pelagiphages are thought to be the most abundant known viruses in
marine environments (Sieradzki et al., 2019). The higher prevalence of cyanophage in
the summer and large proportions of Pelagibacter phage and Puniceispirillum phage
is consistent with other estuarine viromic studies (Fig. 3.6) (Cai et al., 2016; Hwang
et al., 2016). Pelagibacter consist 40-60% of the bacterioplankton community in mid
to lower Delaware Bay, and are significantly less abundant in the upper bay,
consisting 0-5% of metagenomic reads (B. Campbell unpubl.); meanwhile, known
pelagiphage only make up 1-2% of total reads and about 10% of known viral reads,
and do not show a clear transition from upper to lower bay, displaying completely
different patterns compared to their presumed hosts (Fig. 3.6). Since isolation of
pelagiphage is difficult and sometimes require methods such as single-cell genomics
(Zhao et al., 2013; Martinez-Hernandez, Fornas, et al., 2019), our current ability to
identify pelagiphages from metagenomic sequences is highly limited and may be
causing this discrepancy between phage and host. Cyanophage play an important role
in the regulation of cyanobacterial abundance in the Chesapeake Bay (Wang and
Chen, 2004; Wang et al., 2011). The most abundant cyanophage species in DEV
matched with some Synechococcus phages isolated from Chesapeake Bay, including
podoviruses Synechococcus phage S-CBP1, S-CBP3 and S-CBP4, and siphoviruses
Synechococcus phage S-CBS2, S-CBS3 and S-CBS4 (Wang and Chen, 2008) (Fig.

3.7). Based on lab studies, all of these cyanophages are highly host-specific, infecting
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locally isolated Synechococcus species CB0101, CB0204, and CB0202 (Wang and
Chen, 2008). Unlike for pelagiphage, the extensive cyanophage isolation work
conducted in the geographic vicinity allows us to make more connections between
phage and host. We anticipate similar findings for Pelagibacter phage-host
relationships with the isolation and documentation of more pelagiphage strains. In
contrast with the broad distribution of Synechococcus, Prochlorococcus is rarely
found in coastal eutrophic systems, while abundant in warm oligotrophic waters
(Partensky and Garczarek, 2010). The significant presence of Prochlorococcus phage
in oceanic samples compared to estuarine samples (Fig. 3.6) supports this paradigm,
and is consistent with previous studies (Huang et al., 2015). The small fraction (<1%)
of Prochlorococcus phage sequences found in estuarine samples (Fig. 3.6) may be
due to the fact that certain cyanophages such as cyanomyoviruses tend to cross-infect
Synechococcus and Prochlorococcus (Sullivan et al., 2003). The host range of current
phage isolates were explored to differing degrees, so a cyanophage isolated using
Prochlorococcus, does not indicate that it does not also infect Synechococcus.

The most abundant viral populations in the DEV tend to be very novel, which concurs
with other contig-level virome studies (Paez-Espino et al., 2016; Aylward et al.,
2017). Abundant marine viral populations have been found to be both variable and
persistent across seasons (Aylward et al., 2017) and locations (Brum et al., 2015;
Roux et al., 2016). Similarly, abundant viral populations in the DEV were found to
have varying patterns across samples (Fig. 3.2). Despite most of these populations
being unknown, their dominancy in the estuarine environment suggests they may

infect some abundant bacterial populations which have not yet been identified. Since

85



unknown viral populations account for a large portion of these estuarine viromes, and
their potential hosts and ecological role still remain largely unknown, it is necessary

to understand more about these cryptic viral groups.

3.5.4 Importance of single-cell and single-molecule methods

Phages infecting abundant but relatively slow-growing and difficult-to-culture marine
bacteria make up a significant portion of marine viruses in the ocean (Zhang et al.,
2019). Since 2017, uncultivated virus genomes have outnumbered virus genomes
sequenced from isolates (Roux et al., 2019), but identification of metagenomic
sequences still relies primarily on culture-dependent microbial discovery. In recent
years, single-cell genomics have offered valuable insights into the marine viral
community (Labonté et al., 2015), discovering some of the most abundant and
ecologically significant viruses in the marine ecosystem (Martinez-Hernandez et al.,
2017; Berube et al., 2018). In particular, the abundance of the single virus isolate 37-
F6, of which the putative host is Pelagibacter (Martinez-Hernandez, Fornas, et al.,
2019), is thought to rival or exceed that of Pelagibacter phage HTVCO010P and
Puniceispirillum phage HMO-2011, which were previously thought to be the most
abundant viruses in the ocean (Kang et al., 2013; Zhao et al., 2013; Martinez-
Hernandez et al., 2017). Likewise, long read single molecule sequencing uses long
nanopore reads (20-80 kb) to capture entire viral genomes without assembling,
avoiding some of the biases induced by short-read de novo assembly, thus revealing
“hidden” viral diversity not covered by conventional metagenomic sequencing
methods (Beaulaurier et al., 2020). Several of the most abundant viral populations in

the DEV have the closest match to prokaryotes discovered using non-conventional
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methods such as single cell genomics, single virus genomics and long read single
molecule sequencing (Fig. 3.2, Table 3.2), demonstrating the importance of non-
cultivation dependent virus characterization methods for revealing viral diversity.
These results indicate that discoveries using the above methods may be important for
revealing the most abundant and ecologically relevant viral species in the marine and

estuarine environment, improving our understanding of viral dark matter.

3.6 Conclusion

We were surprised to find that the virioplankton community does not show a distinct
transition from upper to lower estuary, or across different seasons despite strong
environmental gradients, compared to their prokaryotic hosts. In contrast, Delaware
Bay and Chesapeake Bay viral populations were found to be significantly different
from each other, despite their geographical proximity. We found that the most
abundant viral populations in estuaries (top 20) are not the usually dominant viral
groups such as pelagiphage and cyanophage, but viruses which have not yet been
cultivated, related to uncultured viral sequences discovered via single cell and
assembly-free long read single molecule methods, highlighting the importance of
these unconventional methods for viral discovery. Comparison with other aquatic
environments showed that estuarine virioplankton around the world have a similar
structure on the family level (Siphoviridae, Myoviridae, Podoviridae); while open
ocean virioplankton have a higher proportion of Myoviridae and Prochlorococcus
phage. We anticipate the further isolation of novel viral species will enhance our

understanding of the estuarine virome.
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Chapter 4: Distribution of N4-like viruses in estuarine
viromes

4.1 Abstract

N4-like viruses are interesting due to their conserved genetic features, a large RNA
polymerase gene (~10KDb), distinct taxonomy and widespread occurrence in nature.
Currently, 115 N4-like viruses which infect different bacterial species have been
isolated, and this group has been proposed to be a new viral family “Schitoviridae”.
An earlier study based on the PCR detection of N4 viruses led to a hypothesis that
N4-like viruses are more prevalent in cold season or cold waters, however, this has
not been confirmed based on gPCR or metagenomic analysis. We obtained 16
viromes from the Chesapeake Bay and Delaware Bay from different seasons between
2014 and 2015. This dataset allowed us to evaluate the relative abundance of N4-like
viruses in different seasons of the estuarine environment. The relative abundance of
N4-like viruses in two temperate estuaries was assessed using four different methods:
1) read mapping to known N4-like virus isolates, 2) read mapping to native viral
contigs, 3) reciprocal blast search based on core genes, and 4) read taxonomy
classification using Kaiju. A total of 11 N4 contigs were identified based on de novo
assembly. Discrepancies existed between these different methods. Overall, N4-like
viruses were found to be much less abundant compared to pelagiphage and
cyanophage in the estuarine viromes. At the read level, high occurrences of N4-like
viruses infecting Roseobacter and Vibrio were found, and their distribution patterns

seemed closely connected with their hosts. When using contig-based methods and
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Kaiju classification, N4-like viruses were found to be more abundant in winter, and
less abundant or not detectable in summer. This result explains the failure of PCR
detection of N4-like viruses in summer in the earlier study, suggesting a strong
seasonal variation of N4-like viruses in the estuarine ecosystem. A core gene based
analysis also provided guidance on the choice of genes when using marker gene
based approaches for future studies of N4-like virus in the environment. Our study
indicates that N4-like viruses are rare in the marine environment, and also provides

insights into how to evaluate the ecology of rare viruses such as N4-like viruses.

4.2 Introduction

Virioplankton are known to be abundant and diverse in nature, and they influence
nutrient dynamics and biogeochemical cycles in the aquatic environment by
interacting with living organisms (Coutinho et al., 2018). Isolation of viruses, viral
metagenomics and new technologies such as single-virus isolation have continued to
uncover novel viruses and new viral lineages (Dion et al., 2020). One of these
interesting viral groups is N4-like viruses. Bacteriophage N4 was first isolated from
sewage water in Italy using Escherichia coli (Schito et al., 1966). Phage N4 is unique
in the viral world due to its giant RNA polymerase, which takes up about a seventh of
its genome and makes it the only known bacteriophage that is not reliant on host
RNA polymerase in early transcription (Choi et al., 2008). Also, N4 causes delayed
lysis in its host and a resulting large burst size of around 3,000 viral particles per cell
(Stojkovi¢ and Rothman-Denes, 2007).

N4 remained a genetic orphan for 40 years until the isolation of two N4-like viruses

infecting Roseobacter from the Chesapeake Bay (Zhao et al., 2009). Since then, more
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N4-like viruses have been isolated from coastal waters (Huang et al., 2011; Chan et
al., 2014; Ji et al., 2014; Cai et al., 2015; B. Li et al., 2016), soil (Born et al., 2011),
and farms (Nho et al., 2012; Moreno Switt et al., 2013), using a variety of bacterial
hosts. The genomes of these N4-like viruses are highly conserved, with a distinctive
set of core genes (Chan et al., 2014; Wittmann et al., 2015; B. Li et al., 2016). As of
2020, 115 N4-like viruses have been discovered, sharing 17 core genes, with total
number of genes ranging from 76 to 92 per virus (Wittmann et al., 2020). Since the
International Committee on Taxonomy of Viruses (ICTV) has moved to classifying
viruses based on their genomic features rather than morphology, N4-like viruses were
recently reassessed and new viral family, “Schitoviridae” was proposed (Wittmann et
al., 2020). Despite these developments, Escherichia virus N4 remains the only
officially recognized member of the “N4virus” genus (Lefkowitz et al., 2017). A few
N4-like viruses are classified under 10 other genera by the ICTV.

The first two N4-like viruses were isolated using Roseobacter (Zhao et al., 2009). A
high number of phages infecting marine Roseobacter are N4-like viruses, although
the reason for this association is unknown (Zhan and Chen, 2019). Roseobacter are an
abundant and extensively studied lineage of marine bacteria, consisting up to 25% of
bacteria in coastal waters, and up to 10% of bacteria in the open ocean (DeLong,
2005; Moran et al., 2007). They are especially abundant in coastal and polar waters
(Wagner-Dobler and Biebl, 2006). They have a wide range of metabolic capabilities,
playing an active role in marine nitrogen, sulfur and carbon cycles, and interacting

closely with phytoplankton (Luo and Moran, 2014).
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Early studies based on the two isolates of N4-like phage found them to be more
prevalent in coastal waters compared to open ocean water, using BLASTP of the N4-
like DNA polymerase gene against the GOS database (Zhao et al., 2009). Later, N4-
like viruses were found to be widespread in both coastal and open ocean
environments, using reciprocal BLAST of one N4-like phage against CAMERA or
EBI metagenomes (Chan et al., 2014). Using a DNA polymerase-based PCR clone
library approach in the Chesapeake Bay, N4-like viruses were detected in the
Chesapeake Bay. Interestingly, among 56 viral communities, only 12 samples
collected in winter were PCR-positive, and none of the samples collected in spring,
summer and fall were PCR-positive (Zhan et al., 2015). This result suggests that N4-
like viruses are more prevalent in the winter season. N4-like viruses were also found
to be prevalent in colder waters when their core genes were used for recruitment in
global metagenomic databases (Chan et al., 2014; Zhan et al., 2015). However, there
was not sufficient environmental data to correlate N4-like virus abundance with
environmental parameters using the metagenomic databases available at the time. In a
comparative metagenomic study, N4-like viruses were found to be more dominant in
waste water treatment plants, compared to other aquatic environments (Parmar et al.,
2018); which is not surprising given a large number of N4-like viruses infect human-
associated bacteria (Wittmann et al., 2020). These early studies were only able to
assess the prevalence of N4-like viruses in different environments. However, there is
no systematic study to compare relative abundance of N4-like viruses in different

seasons and across a wide range of salinity gradients based on viromic analysis.
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The development of next generation sequencing technologies (Parmar et al., 2017)
and the increase in viral metagenomic data (Suttle, 2016) have prompted revision of
major paradigms regarding viral ecology (Sullivan et al., 2017). Although N4-like
viruses are widespread in aquatic environments, they seem to be present in low
abundance in the natural environment (Chan et al., 2014; Zhan et al., 2015). Non-
targeted virus taxonomy assignment confirmed that N4-like viruses are rare in
estuarine virioplankton compared to other viruses (Sun et al., 2021). Rare viruses can
be difficult to quantify in metagenomic datasets, due to the lower chance that they
will assemble into longer metagenome-assembled genomes (MAGS). In order to
recover the sequences of rare viral groups such as N4-like viruses, deep sequencing of
viromes is required. A high quality viromic database (Delmarva Estuarine Virome)
using deep sequencing is available for the Chesapeake Bay and Delaware Bay (Sun et
al., 2021). In this study, we assess the spatial and temporal distribution of N4-like

viruses using the DEV dataset.

4.3 Methods

4.3.1. Viromes from Delaware bay and Chesapeake Bay

Sixteen deeply sequenced viromes (DEV) from the Chesapeake Bay and Delaware
Bay were used in this study (Sun et al., 2021). They were collected from low,
medium and high salinity sites along each bay. Ten samples were from the Delaware
Bay, collected in March, August/September, and November, 2014; six samples were

from the Chesapeake Bay, collected in April and August, 2015. These 16 DEV
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viromes were used to explore the distribution of N4-like viruses in both estuarine

bays using different recruitment methods.

4.3.2 Relative abundance of N4-like sequences using read recruitment

To detect the relative abundance of N4-like viral sequences in different aquatic
environments, metagenomic reads from 16 estuarine DEV samples and 11 publicly
available offshore water samples were mapped to the 115 N4-like virus genomes
described in 2020 (Wittmann et al., 2020), using BBMap with the mapping
parameters as recommended in viromic benchmarking studies (>90% identity, >75%
contig length) (Bushnell, 2014; Roux et al., 2017). Ambigous reads (reads that map
equally well to multiple sites) are set to map to the first best possible. The offshore
viral sequences were taken from Global Ocean Virome (GOV) 2.0, and Hawaiian
Ocean Experiment (HOE) (Table 4.1, Fig. 4.1) (Aylward et al., 2017; Gregory et al.,
2019). All chosen samples were taken from surface water. These viral metagenomes
were chosen because they were obtained using similar sampling and sequencing
technology, which reduces the reduce bias that may be present when evaluating
relative abundance across sequence datasets of different origin. Trimmed reads were
counted and normalized to FPKM (Fragments Per Kilobase Million) using SAMtools
(Lietal., 2009). FPKM is used as a proxy for relative abundance (Roux et al., 2017).
Read mapping results were visualized with Integrative Genomics Viewer (IGV) using

the default parameters (Thorvaldsdottir et al., 2013).
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Table 4.1 Sampling information of oceanic viromes used for N4 read recruitment.

Dataset ~ Sample Date Time Region Longhurst Temp  Salinity
biome (°C) (ppt)

GOV 109 SRF  5/12/2011 14:00 Pacific Coastal 27 33

2.0 equatorial

GOV 067_SRF  9/7/2010 06:19  African cape Coastal 13 35

2.0

GOV 036_SRF  3/12/2010 06:06 Arabic sea Coastal 26 37

2.0

GOV 201 SRF  2013-09- 15:02 Arctic (Canada) Polar -1 31

2.0 30

GOV 173 _SRF  2013-07- 04:12  Arctic (Russia) Polar 0 34

2.0 08

GOV 155_SRF  2013-05- 05:36  North- Atlantic ~ Westerlies 11 35

2.0 24 (Ireland)

GOV 125 SRF  2011-08- 17:33  Mid-Pacific Trades 27 35

2.0 08

HOE HOE_17  2015-07- 10:05 Pacific (Hawaii) Trades 27 35
27

GOV 072_SRF  2010-10- 08:00 Mid-Atlantic Trades 25 36

2.0 05

GOV 048_SRF  2010-04- 07:56  Indian Ocean Trades 30 34

2.0 19

GOV 085 SRF  2011-01- 10:38  Antarctic Polar 1 34

2.0 06
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Figure 4.1 Sampling map of publicly available offshore viromes used for N4-like
viral read recruitment. The map was created using Ocean Data View (Schlitzer, R.,
Ocean Data View, https://odv.awi.de, 2019), with the ETOPO1 map (Amante and

Eakins, 2009).
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4.3.3 Comparison of N4-like virus, cyanophage, and pelagiphage relative
abundance

To compare N4-like viruses against viral groups that are known to be abundant in the
marine environment, four representative N4-like viruses, one pelagiphage, one
Puniceispirillum phage, and two cyanophages were combined and used as a reference
for read recruitment. The four reference phages are known to be abundant in the
estuary and ocean based on non-targeted metagenomic studies (Sun et al., 2021). The
metagenomic reads of the 27 water samples were mapped to the eight reference

genomes, and processed using the methods described above.

4.3.4 ldentification and abundance of N4-like contigs

To identify N4-like sequences among estuarine viromic contigs, the unique feature of
N4-like viruses, the N4 vVRNA polymerase gene was searched against DEV
(Delmarva Estuarine Virome) viral populations (Sun et al., 2021) using TBLASTN
with an e-value of 107 (Altschul et al., 1990). Only matches with a length above
1,000 bp were retained. Contigs were annotated by comparison to GenBank using
MG-RAST (Keegan et al., 2016).

Relative abundance of the N4-like contigs were derived via read mapping, using the
methods in (Sun et al., 2021). Briefly, trimmed reads from DEV were mapped to all
viral contigs, and the FPKM of N4-like contigs were used as a proxy for their relative
abundance. The FPKM values of the N4-like contigs in the 16 estuarine samples were

plotted in R using ggplot2 (Ginestet, 2011).
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4.3.5 Phylogenetic analysis of N4-like contigs

The VRNA polymerase sequences from the N4-like contigs were extracted using
TBLASTN and aligned using MEGA X using MUSCLE, along with the VRNA
polymerase of six representative N4-like viruses from different subfamilies as
reference sequences (Altschul et al., 1990; Kumar et al., 2018). Due to the long
length of the vVRNA polymerase gene (~3,500 aa), the full length of the gene was
unable to be extracted from every contig, so the alignment was trimmed down to the
last 1,203 aa of the gene for generating the phylogenetic tree. The phylogenetic tree
was calculated with the maximum likelihood algorithm, and replicate trees were
assessed with the bootstrap test (100) in MEGA X (Kumar et al., 2018). The
evolutionary history was inferred by using the Maximum Likelihood method and JTT

matrix-based model.

4.3.6 Detection of N4-like virus using reciprocal best hits

Relative abundance of certain virus groups of interest was determined using a
reciprocal best-hit BLAST strategy as in (Zhao et al., 2013). Due to the genomic
mosaicism of viruses and limited knowledge of their genomes, a core gene-based
approach was chosen (Table 4.2). After discarding contigs under 600 bp, each
estuarine virome was made into a BLAST database and queried with all of the N4-
like core genes described elsewhere (Chan et al., 2014). The matching portion of each
putative hit was then extracted and queried against a protein database containing: (a)
the core genes of N4-like viruses and (b) the non-redundant proteins of all bacterial

and viral genomes from Refseq, excluding those with over 98% BLAST identity with
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any of the core genes. Reciprocal best-hits were extracted, counted and normalized
against the size of the metagenomic database and the size of the core gene.

Over the course of our investigation, the size of the viral metagenomes and reference
databases became significantly larger, exponentially increasing the computational
load of the reciprocal best hits method. Thus, this analysis was performed using the
estuarine samples against an earlier version of the NCBI Refseq database (release of

1-12-2018).
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Table 4.2 N4 virus core genes used in reciprocal best hit analysis (Chan et al., 2014).

Genein N4 Gene name

Category

15
16
24
25
39
45
50
53
54
55
56
59
68
69

RNAP1

RNAP2

Unknown

VWFA domain

DNA polymerase
SSB

VRNAP

Unknown

Structural protein
Unknown

Major coat protein
94 kDa portal protein
Terminase, large subunit

Unknown

Transcriptional control
Transcriptional control

N/A

N/A

DNA metabolism/replication
DNA metabolism/replication
DNA metabolism/replication
N/A

Structural

N/A

Structural

Structural

Virus assembly

N/A
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4.3.7 Correlation between N4-like virus and environmental factors

To explain the effect of temperature and salinity on the abundance of N4-like viral
sequences, redundancy analysis (RDA) was plotted for the N4-like virus contigs
using the vegan package in R, and visualized using type | scaling in ggplot2
(Ginestet, 2011; Oksanen et al., 2018). Environmental factors were normalized by
making sum of squares equal to one, and the species abundance was normalized using
the Hellinger method. The RDA biplot explains the variation of the abundance of the
N4-like virus contig samples using temperature and salinity.

A summary of the different methods used to evaluate the abundance of N4-like

viruses is provided in Fig. 4.2.
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Figure 4.2 Schematic diagram of the different methods used to evaluate abundance of
N4-like viruses. Solid arrows indicate sequences generated from the prior box,

dashed arrows indicate sequence alignment processes such as BLAST and read

mapping.
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4.4 Results and discussion

4.4.1 Distinct composition of N4-like viruses between estuaries and other
marine environments

The composition of N4-like viruses in the Chesapeake Bay and Delaware Bay is
distinct from that of coastal and open ocean, except for samples 048 and 085 which
were collected from the Indian Ocean and the Antarctic Drake Passage (Table 4.1,
Fig 4.1, Fig. 4.3). The most striking feature of the N4-like viral diversity is the high
relative occurrences of sequences similar to Roseobacter N4-like viruses in most
estuarine samples and some ocean samples (Fig. 4.3). Roseobacter N4-like viruses
predominate the N4-like virus populations in the Delaware Bay and samples 048 and
085 (Fig. 4.3). In the Chesapeake Bay, Roseobacter N4-like viruses dominated the
most samples, but the N4-like viruses infecting Vibrio, Pseudomanas, and
Pseudoaltermonas were also abundant, especially in summer (August). Interestingly,
Roseobacter N4-like viruses were not prevalent in most of coastal and open ocean
samples (except for samples 048 and 085). Instead, Enterobacterial N4-like viruses
were common in the coastal and open ocean. The difference in host community may
explain the distinct pattern of N4-like viruses seen between estuarine and
coastal/open environments. The Chesapeake Bay is known to contain its own unique
bacterial populations including Roseobacter, as a consequence of adaptation to the
estuarine environment (Jinjun and Jun, 2011). The dominance of Roseobacter N4-like
viruses in both bays could be related to the fact that most available N4-like
Roseobacter viruses were isolated from the Baltimore Inner Harbor, which is in close

geographic proximity to the Delaware Bay and Chesapeake Bay (Zhan and Chen,
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2019). The composition of N4-like viruses also varied with depth in the Chesapeake
Bay. The N4-like viruses infecting Roseobacter made up the majority of N4
populations in the surface water (CB8.2S), while N4-like viruses infecting Vibrio,
Pseudoaltermonas and Pseudomonas became abundant in the deeper water (CB8.2M
and CB8.2D) (Fig. 4.3). Such a shift in N4-like virus populations along the vertical
profile has not been seen before, suggesting that the viral community in deeper and
saltier water in the Chesapeake Bay may differ from that in the surface or upper
water. Coastal water enters the Chesapeake Bay from the bottom, forming a strong
stratification in summer because surface water in the bay is warmer and has lower
salinity. The two-layer circulation is a well known feature for the Chesapeake Bay
(Goodrich and Blumberg, 1991). This stratification is confirmed by the increasing
salinity with depth in these three samples (Sun et al., 2021).

We did not detect any N4-like viruses in sample 155 or the HOE sample (Fig. 4.3).
The absence of N4-like viruses in sample 155 may be due to sampling or sequencing
problems, since other viruses were not detected either (Sun et al., 2021). The overall
viral profile of the HOE sample was comparable to other marine samples, therefore, it
is not clear why N4-like viruses are missing in these two samples. The read
recruitment method showed remarkably consistent total relative abundances of N4-
like viral reads across the 27 marine samples we examined (Fig. 4.3). To check
whether this is a false positive caused by mapping artifacts, manual examination of
read mapping visualization confirmed that reads were indeed mapping to abundant

N4-like genomes with high identity and coverage (Fig. 4.4).
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4.4.2 Composition of major N4-like viruses in estuaries and other marine
environments.

The composition of Roseobacter N4-like viruses varied greatly between DEV
samples. In the Delaware Bay, Ruegeria phage vB_RpoP-V13 made up the vast
majority of Roseobacter N4-like phage community in samples DB3.1, DB8.1,
DB8.2A, DB8.2B, and DB9.3 (Fig. 4.5). In the Chesapeake Bay, the Roseobacter N4-
like virus community was represented by several known Roseobacter N4-like viruses.
This is also the case for a few samples in the Delaware Bay (DB3.3, DB11.1, DB11.
2, and DB11.3). These results suggest that different Roseobacter N4-like viruses are
present in these two estuaries, with no clear spatiotemporal pattern observed.

The most abundant Roseobacter N4-like viruses observed (Ruegeria phage
vB_RpoP-V13, Roseophage DSS3P2) were previously isolated from the Baltimore
Inner Harbor (Fig. 4.5). Roseophage DSS3P2 was the first marine N4-like virus to be
discovered, isolated in 2009 using Roseobacter pomeroyi DSS-3; while Ruegeria
phage vB_RpoP-V13 was isolated in 2019 from the same host (Zhao et al., 2009;
Zhan and Chen, 2019).

It is noteworthy that within the Roseobacter N4-like virus community, one particular
type of N4 tends to dominate the N4 community at a particular time (Fig. 4.5). These
results suggest that individual N4-like viruses can be very dynamic in nature, and
may reflect Red Queen-like virus-host succession dynamics (Ignacio-Espinoza et al.,
2020).

Despite Roseobacter being abundant in coastal waters, Roseobacter N4-like viruses
were found to be at low abundance or non-existent in coastal waters (Fig. 4.5). It is

possible that Roseobacter possess advantages that make them less susceptible to viral
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infection in coastal waters. The Roseobacter clade was found to be dominant in
Arctic and Antarctic sea ice (Brinkmeyer et al., 2003). The association of
Roseobacter with polar environments is consistent with our observation of dominant
Rosoebacter N4-like viruses in Antarctic oceans (Fig. 4.3). The ocean sites 048 and
085 were predominated by Roseophage RD-1410W1-01, which is at low abundance
in the Delaware Bay and Chesapeake Bay (Fig. 4.5). Roseophage RD-1410W1-01 is
a N4-like virus isolated from South China Sea, which infects Roseobacter
denitrificans OCh114 isolated from coastal Australia, a model organism for the study
of aerobic anoxygenic photosynthesis in bacteria (Tang et al., 2009; B. Li et al.,

2016).
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Figure 4.5 Relative abundance of N4-like viruses infecting Roseobacter in the
Delaware Bay, Chesapeake Bay and reference sites (coastal and open ocean viromes).

Expanded diversity from the “Roseobacter” section in Fig. 4.3
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N4-like viruses infecting Vibrio in the Delaware Bay were much less abundant
compared to those in the Chesapeake Bay (Fig. 4.6). This may be due to bias arising
from the extensive Vibrio strains isolated from the Chesapeake Bay (Colwell et al.,
1977; Ceccarelli and Colwell, 2014). The Vibrio N4-like virus community in the
Chesapeake Bay contained mixed populations represented by different Vibrio N4
virus isolates (Fig. 4.6). Two deeper water samples (CB8.2M and CB8.2D) in the
Chesapeake Bay contain relatively more abundant Vibrio N4-like viruses. These two
water samples were likely affected more by the oceanic water as described above.
The high occurrence of Vibrio N4-like viruses can also be related to a relatively
higher abundance of Vibrio in the deeper water. Vibrio are known to reside in
sediments in estuaries (Kaneko and Colwell, 1973; Froelich et al., 2013). Indeed, the
CB8.2S, CB8.2M, and CB8.2D samples show increasing levels of Vibrio N4-like
viruses with depth in the estuary (Fig. 4.3).

Warmer temperature in summer can also contributes to more Vibrio N4-like viruses
in the Chesapeake Bay as the abundance of marine Vibrio has a strong positive
correlation with seawater temperature (Thompson et al., 2004; Tout et al., 2015). A
prevalent N4-like virus in the Chesapeake Bay is Vibrio phage VBP47, which infects
Vibrio parahaemolyticus, a well-known pathogen associated with brackish water
(Colwell et al., 1977; Wittmann et al., 2020). Since the replication of viruses is
dependent on the viability of their hosts, the prevalence of N4-like viruses infecting

pathogenic hosts may be indicative of elevated pathogenic activity in the region.
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It is also intriguing that the N4-like virus infecting Rhizobiaceae, Sinorhizobium
phage ort11, was detected in high abundances in certain coastal samples (Fig. 4.3).
Sinorhizobium phage ort11 infects Sinorhizobium meliloti, a symbiotic soil bacterium

associated with legume root nodules, where nitrogen is fixed (Cubo et al., 2020).

4.4.3 Comparison of N4-like viruses with other abundant marine viruses

The read mappings described above were conducted using known N4-like viruses as
references. We included more well-studied abundant marine viruses as references in
order to understand the relative abundance of these viruses in the same samples. Four
reference phages (Pelagibacter phage HTVVCO10P, Puniceispirillum phage HMO-
2011, Synechococcus phage S-CBP4 and S-SK1) were chosen because these strains
are known to be among the most abundant viruses in marine and estuarine
environments (Sun et al., 2021). When these four reference viruses were mixed with
four N4-like viruses for read mapping, read recruitment to representative virus
genomes showed that the N4-like viruses are much less abundant (range of 0-200
FPKM) compared to the four reference phages (range of 0-27,500 FPKM) in the
estuarine and other marine samples (Fig. 4.7). When observing only the four N4-like
viruses in this situation, it is evident that few reads map to N4-like viruses, although
Roseobacter phage RD-1410W1-01 is still relatively abundant in Indian Ocean and
the Southern Ocean (Fig. 4.7b). This result suggests that N4-like viruses are much
less abundant compared to pelagiphages, cyanophages and phage HMO-2011 which
are known abundant viral groups in the marine environment.

This result is striking considering a large amount of reads mapped to the 115 N4-like

virus genomes with high identity (>90%) and coverage (up to 70% of the genome)
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when these four abundant phages were not included in read mapping (Fig. 4.3, Fig.
4.4). However, many fewer reads mapped to N4-like viruses when the abundant
phages were included in the reference database (ambigous reads are set to map to the
first best possible site) (Fig. 4.7). This indicates that the commonly used 90% identity
threshold for viral metagenomic read mapping does not provide enough resolution to
differentiate between different viral groups, and viral metagenomic read mapping
results are highly dependent on the reference database provided. Our results suggest
that the effects may be especially prominent for low abundance viruses such as N4-

like viruses.
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The four non N4-like viruses are present in 15 out of 16 of the estuarine samples.
Phage HTVCO10P infects Pelagibacter ubique HTCC1062, and is often considered
the most abundant virus in the marine environment (Zhao et al., 2013; Martinez-
Hernandez et al., 2017). Indeed, HTVCO10P was found to be the most abundant virus
in most of the estuarine and coastal samples, and overwhelmingly abundant in the
ocean samples (Fig. 4.7a). Phage HMO-2011 infects Puniceispirillum marinum of the
abundant SAR116 clade, and is also thought to be among the most abundant viruses
in the ocean (Kang et al., 2013). HMO-2011 is less abundant than HTVVCO010P, and
has less variation across different samples (Fig, 4.6a). Synechococcus phage S-CBP4
is abundant in most of the estuarine samples (11 out of 16), but not in the coastal and
open ocean samples (Fig. 4.7). S-CBP4 is a podovirus which infects Chesapeake Bay
Synechococcus strain CB0101 and was isolated from the middle Chesapeake Bay
(Wang and Chen, 2008). This result suggests that the distribution of S-CBP1 is likely
more confined to the estuarine ecosystem. In contrast, Synechococcus phage S-SKS1
which infects marine Synechococcus WH7803 is present in most estuarine, coastal
and open ocean samples (Fig. 4.7a). S-SK1 is not present in sample 201 likely due to
the very low temperature (-1 °C) in this sample. Abundance of Synechococcus can be
lower than 1,000 cells per ml at this temperature, and the abundance of cyanophage
co-varies with cell density of Synechococcus in the natural environment (Wang et al.,

2011).
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4.4.4 N4-like contigs in the DEV

We also tried to use local N4-like contigs identified in the DEV viromes to explore
their relative abundance in the DEV viromes. Eleven N4-like virus contigs from the
DEV were identified using the VRNA polymerase gene of N4-like viruses, and the
lengths of these contigs range from 8.8 kb to 73.7 kb (Table 4.3). Annotation using
MG-RAST showed that the majority of genes in each of the contigs has a closest
match to N4-like viruses, indicating that these contigs are indeed N4-like viruses or
closely related to N4 (Table S3). Relative abundance of these N4-like contigs was
derived from the results of mapping all DEV trimmed reads to all DEV viral contigs,
then selecting the FPKM values assigned to the N4-like contigs. The overall relative
abundance of these 11 N4-like contigs was relatively low (0-20 FPKM), with higher
abundances in samples DB3.3 and DB11.1 (Fig. 4.8). Lower abundances of N4-like
contigs were seen in the Chesapeake Bay compared to the Delaware Bay (Fig. 4.8).
The low relative abundance of N4-like contigs confirms that N4-like viruses are rare
in the estuary compared to the abundant viral groups such as cyanophage and

pelagiphage.

114



Table 4.3 N4-like viral contigs.

Contig Length Total fpkm
(all viral
contigs)
Ga0070748_1000030 70,734 35.0472
Ga0070748_1000124 40,467 6.4641
Ga0070747_1000707 16,180 3.4784
Ga0070748_1001286 11,681 4.7523
Ga0070748_1000026 73,662 6.6385
Ga0070748_1000068 51,723 8.9789
Ga0070746_10000011 73,167 3.2182
Ga0070754_10005210 8,785  2.444
Ga0070748_1000096 44,402 7.5398
Ga0070748_1000074 50,797 18.0558
Ga0070747_1000830 15,197 2.8914
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Figure 4.8 Relative abundance of N4-like contigs in DEV. Size of the bubbles

correspond to the FPKM (Fragments Per Kilobase Million) for each sample.
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Phylogenetic analysis using either terminase large subunit or VRNA polymerase is a
good indicator of N4-like virus diversity, as confirmed by VIRIDIC analysis
(Wittmann et al., 2020). In this study, phylogenetic analysis based on the partial
VRNA polymerase gene shows that the N4-like contigs in the DEV have a similar
diversity to known N4-like viruses overall (Fig. 4.9) (Wittmann et al., 2020). The
most abundant N4-like contig (Ga0070748_1000030) found in the Delaware Bay did
not cluster with other N4-like viruses on the phylogenetic tree, indicating that this
type of N4-like virus may be relatively novel in the estuary (Fig. 4.8, Table 4.3, Fig.

4.9).
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Figure 4.9 N4-like contigs evolutionary analysis using partial VRNA polymerase
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were a total of 1,203 aa in the dataset.
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4.4.5 Relative abundance of N4-like virus using reciprocal best hit
BLAST

Reciprocal best hit BLAST using N4-like virus core genes revealed that N4-like
viruses are present in low abundance in both estuaries, with the raw number of
reciprocal hits ranging from 0 to 290 (Fig. 4.10). The distribution pattern of N4-like
viruses based on core genes echoes that based on contig identification (Fig. 4.8).
Overall, N4-like viruses were more prevalent in the Delaware Bay compared to the
Chesapeake Bay. N4-like viruses see more patchy distribution in the Chesapeake Bay
(Fig. 4.10). The Chesapeake Bay and Delaware Bay virome samples were taken in
different years and different months. In addition, the average number of reads
recovered per Delaware Bay sample (151 million) is over twice (2.2-fold) the amount
of reads per average Chesapeake Bay sample (68 million) (Sun et al., 2021). In the
current study, the sequences were obtained from non-amplified viral DNA, in contrast
to the previous study that used methods specifically targeted to recovering N4-like
sequences (Zhan et al., 2015). Since N4-like viruses are not abundant, the lower
number of reads recovered per Chesapeake Bay sample may have caused the
patchiness of N4-like viruses there, and suggest that the current sequencing depth

may be near the detection limits for this rare virus group.
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Figure 4.10 Relative abundance of N4-like viruses based on reciprocal best BLAST

hits of core genes. Names of core genes are given in Table 4.2.
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The results of reciprocal best hit using core genes show that in the Delaware Bay,
almost all N4 core genes are more abundant in the March and November samples,
although there is variation between different locations in the estuary (Fig. 4.10). The
water temperature of March samples was about 4°C, while the water temperature of
November samples varied between 13 and 15°C (Table 2.1). Much lower abundance
of N4-like virus core genes was detected in the summer, when the water temperature
was between 24 and 25°C. In the Chesapeake Bay, the water temperature was 8-10°C
in April, and 26-27°C in August (Table 2.1).

Using reciprocal best hit BLAST methods, N4-like viruses were found to be more
abundant in spring and fall, and less abundant in summer in the Delaware Bay (Fig.
4.10). The same pattern was observed using read mapping against N4-like contigs in
the estuary (Fig. 4.8). The six Chesapeake Bay viromes were collected in April and
August, and N4-like contigs were barely detected in August at all depths (Fig. 4.8).
This matches our results using reciprocal best hit methods, showing that the majority
of N4-like core genes have no matches in the Chesapeake Bay in April and August
(Fig. 4.10). In an earlier study, N4-like viruses were not detected in the spring,
summer and fall seasons, but were detectable in the winter in the Chesapeake Bay
using PCR targeting the N4 DNAP gene (Zhan et al., 2015). All the 12 samples in
which N4-like viruses were detected were from the samples collected in February
when surface water temperature was below 4°C (Zhan et al., 2015). Given the limited
amount of winter samples in our viromes, we are not able to confirm that N4-like
viruses are indeed more prevalent in winter using reciprocal BLAST with core genes.

However, the low abundanc