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Abstract

Viruses in oceanic environments play pivotal roles in regulating nutrient transfer and
increasing rates of carbon transport. They have also been implicated in the regulation of micro-
organism community dynamics through infection of successful hosts, the stimulation of primary
productivity, and the termination of algal blooms. Through auxiliary metabolic genes stolen from
host cells, viruses are also thought to influence biogeochemical cycles through gene expression
during infection. Viruses have been comparatively well studied in oceanic environments, but
there is a dearth of knowledge in their roles in freshwater environments. As toxins produced by
harmful algal blooms (HABS) can challenge conventional drinking water operations, it is critical
to understand the role viruses may play in their proliferation and potentially their management.
Examining viral communities using metagenomics will allow for the characterization of the
diversity of viruses and their potential roles in freshwater environments. To accomplish this,
metagenomic sequencing was carried out on water samples from Big Turkey Lake (Ontario) over
a seasonal period from 2018 to 2020. Multiple viral classifiers were first combined with a viral
binning approach, and subsequently generated viral metagenome-assembled genomes (VMAGS)
were then evaluated for quality. All contigs identified as viral were assigned taxonomy based on
amino acid alignment through BLAST, and the vMAGs were further analyzed through the
IMG/VR database to determine if there was notable alignment with viruses that have known
hosts. Auxiliary metabolic gene analysis was performed using the KEGG orthology database as a
reference. The majority of viral contigs across all samples were unable to be assigned taxonomy,
indicating that there is a large amount of unknown diversity of viruses within Big Turkey Lake.
Identified contigs were either assigned as bacteriophages from the order Caudovirales or
eukaryotic algal viruses from the family Phycodnaviridae, with the presence of virophages
observed in low abundance. Bacteriophage abundance remained relatively stable throughout the
year with a spike in winter, while eukaryotic algal viruses were most abundant in the summer.
Auxiliary metabolic genes related to folate biosynthesis, carbon metabolism, nitrogen fixation,
and photosynthesis were identified, and genes related to lipid metabolism were also found during
winter. Findings from this study will provide a baseline foundation of viral communities in Big
Turkey Lake, allowing for further research into potential hosts for these viruses, and how they

could influence the formation and termination of harmful algal blooms in freshwater.
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“When words become unclear, I shall focus with photographs —

When images become inadequate, I shall be content with silence.”

- Ansel Adams (1902-1984)
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1.2

Chapter 1: Introduction and Literature Review

Phytoplankton and Their Viruses: An Overview

In aquatic environments, phytoplankton are ubiquitous organisms, and have a
significant impact on the entire planet. They serve as primary producers at the base of the
food web, providing a critical source of food for higher trophic levels (Glibert et al.,
2018), and represent 90% of the total biomass in marine systems (Wilhelm & Suttle,
1999). Even smaller than these micro-organisms are the viruses that infect them, who are
considered major contributors to global mortality rates of phytoplankton (Middelboe,
2000; Brussaard et al., 2008; Mojica et al., 2016). Viruses in aquatic systems are vital for
regulating the succession of phytoplankton (Mling et al., 2005; Haaber & Middelboe,
2009), and influence nutrient and carbon cycling (Fuhrman, 1999; Suttle, 2007; Mojica &
Brussaard, 2014). These viruses will be the focus of this research, examining their
community composition over time and studying their potential effects on freshwater

aquatic systems.

Microalgal and Cyanobacterial Blooms

An algal bloom or a cyanobacterial bloom occurs when conditions within the
environment, such as temperature or nutrient availability, allow for a sharp increase in
biomass of a given species leading to a change or distortion in the visibility or colour of a
water column (Anderson et al., 2012; Huisman et al., 2018). Some of these colour
changes are quite distinctive and vary depending on what organism is actively blooming.
‘Red Tides’ caused by dinoflagellates being, as expected from the name, a stark red
colour (Anderson et al., 2012), and ‘Brown Tides’, caused by Aureococcus
anophagefferens are named for similar reasons, causing a murky brown colour in the
water column (Gobler & Sunda, 2012).

Algal blooms and cyanobacterial blooms are not inherently harmful to their
environments, nor are they a novel phenomenon, considering the presence of literature
that references potential blooms throughout history (Huisman et al., 2018). However,
blooms can certainly become nuisances in areas that humans inhabit, leading to the
development of the term ‘Harmful Algal Bloom’ (HABs). The significant issue with

HAB: is their increasing incidence rate globally, which has also been noted throughout
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Canada (Pick, 2016; Winter et al., 2011), attributed to increasing temperatures due to
climate change (Paerl & Huisman, 2008) and anthropogenic nutrient run-off of nitrogen

and phosphorus (Conley et al., 2019).
Anthropological and Environmental Impacts of Harmful Blooms

The increasing incidence of HABs due to climate change means that their effects
are felt more frequently by human populations. The primary issue, and the most well-
known issue, that HABs generally bring about is the production of toxins. Some bloom-
forming cyanobacteria, dinoflagellates, and others are capable of producing compounds
that can be toxic and/or lethal to humans and other animals, like the toxins microcystin,
cylindrospermopsin, and nodularin (Glibert et al., 2018). For example, blooms of the
cyanobacterium Microcystis aeruginosa occurring in Lake Taihu, China (Guo, 2007) and
Lake Erie (Steffen et al., 2017; McKindle et al., 2020) have had devastating
consequences on the drinking water supply of cities near them, due to the production of
microcystin. In Canada, microcystin is currently the only toxin that has a Maximum
Acceptable Concentration (MAC) in drinking water with an acceptable level being below
1.5 pg/L of water (Health Canada, 2021). Other toxins, specifically anatoxin-a and
cylindrospermopsin, do not currently have MAC guidelines in Canada due to limited
research on their effects and normal levels within the environment (Health Canada,
2021). Outside of toxin production by cyanobacteria, drinking water can also be impacted
through the cyanobacterial production of taste and odour compounds such as geosmin,
making drinking water unpleasant to consume (Li et al., 2016; Osterholm et al., 2020).

Not all issues with HABs are related to human health; some blooms can also have
a large impact on the economy. For example, blooms in Lake Erie have caused monetary
losses due to decreases in property value, tourism, and recreation, with projected costs of
uncontrolled blooms being upwards of $270 million CAD per year over the next 30 years
(Smith et al., 2019). In addition, when situations arise where toxins or taste and odour
compounds are present, they must somehow be removed from drinking water for the
community. Conventional practices in treatment plants are not always effective at
removing taste and odour compounds like geosmin or 2-methylisoborneol (Ridal et al.,

2001; Srinivasan & Sorial, 2011). Effective treatment of drinking water containing these
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compounds can cost communities millions of dollars due to treatment options being more

expensive, and in lost revenue. (Dunlap et al., 2015).

The impacts of HABs are not limited to humans; they can also be troublesome for
organisms that live in a location that is prone to blooming. As stated before, what makes
a bloom a bloom is the disruption of the water column’s clarity through sheer biomass
(Huisman et al., 2018); this increased cell density can prevent sunlight from reaching
aquatic macrophytes that need it (Paerl & Otten, 2013). In turn, this impacts organisms
that rely on macrophytes, either as a source of food or as a source of shelter (Huisman et
al., 2018; Paerl & Otten, 2013). In addition, HABs can cause local anoxia within the
water column, choking out and causing the death of other organisms in the environment,
as seen with the mass fish kills in Lake Erie during the 1960’s and 1970s (Allinger &
Reavie, 2013; Watson et al., 2016).

Agquatic Viruses in Oceanic and Freshwater Environments

Viruses in marine environments are much better characterized compared to
viruses in freshwater, and their environmental roles are better understood. Currently, it is
unclear if we can extrapolate how viruses in freshwater might function within an
ecosystem or what role they may play, based on how viruses impact marine
environments. In oceanic environments, viruses have been implicated in the cycling of
organic material through a process known as the ‘viral shunt” (Wilhelm & Suttle, 1999).
In this process (Figure 1.1), viruses transform the cellular material of their host cells
through viral lysis into dissolved organic matter (DOM) or particulate organic matter
(POM) (Suttle, 2007; Zimmerman et al., 2020). This transformation locks the cellular
material into a form that higher trophic levels cannot utilize, and instead allows it to be
utilized once again by the lower trophic levels or primary producers. This ‘shunting’ of
the organic material away from higher trophic levels allows the ecosystem to have
increased bacterial and phytoplankton respiration rates, resulting in a more productive
environment at its base (Fuhrman, 1999; Suttle, 2007).
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Figure 1.1 Visualization of the ‘viral shunt’. Infection of heterotrophs, phytoplankton, and grazers by viruses
release DOM/POM, preventing it from being utilized by higher trophic level organisms. Figure adapted from
Suttle (2007).

Viruses have also been implicated in the transport of particulate organic carbon
(POC) into the deep ocean through the ‘viral shuttle’ (Weinbauer, 2004; Sullivan et al.,
2017). Phytoplankton, when virally infected, are shown to have increased rates of sinking
(Suttle, 2007), and have also been observed to increase the rate of Transparent
Exopolymer Particles (TEPS) production during infection (Vardi et al., 2012). These
TEPs are ‘sticky’, in that they promote the clumping of organic material into marine
snow, which subsequently sinks into the deep ocean (Mojica & Brussaard, 2014;
Nissimov et al., 2018; Zimmerman et al., 2020). The ‘shuttle’ (Figure 1.2) is how viruses
can tap into the biological carbon pump, which is responsible for sequestering carbon and
preventing it from being used (Sanders et al., 2014). Differences in depths between
freshwater and oceanic environments means that it is unlikely the “viral shuttle” would
work exactly the same within the two environments; freshwater lakes are much shallower
than the ocean and will have instances in the year where water layers will naturally

intermix, usually due to factors such as depth, weather, and temperature (Yang et al.,



2018). This intermixing would cause the nutrients collected at the bottom of the lake to
be brought back up to the surface, likely removing the possibility of sequestration.
Nonetheless, particularly deep lakes such as Lake Baikal in Russia or Great Slave Lake in
Canada are deep enough that the “viral shuttle’ could be a factor in carbon cycling and
carbon sequestration in those specific environments. Meromictic lakes, which do not
have period of the year where their layers intermix (Boehrer & Schultze, 2008), could

also support carbon sequestration through the ‘viral shuttle’.
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Figure 1.2 Visualization of the ‘viral shuttle’. Viral infection can cause increased rates of sinking in virally
infected cells, and an increase in the production of transparent exopolymer particles (TEP), both of which

contribute to increased carbon transport and sequestration into the deep ocean.

Viruses are thought to be one of the main contributing factors towards the
termination of blooms, both cyanobacterial and algal (Suttle, 2007). This is commonly
seen in oceanic environments, where the level of viruses within a community increase as
the bloom tapers off (Bratbak et al., 1993). In addition, recent research into freshwater

cyanobacterial blooms suggest that viruses are equally important during the duration of
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the bloom, with multiple viral lysis events likely taking place over the course of a single
bloom (Steffen et al., 2015; McKindles et al., 2020).

Mass lysis of blooms via viral predation does have a significant potential
downside. Recent studies have found that viral lysis of toxin-producing cyanobacteria
causes an increase in the amount of toxins dissolved in the water column. For example, a
viral lysis event during a 2019 M. aeruginosa bloom in Lake Erie coincided with elevated
levels of microcystin within the lake (McKindles et al., 2020). Similarly, in vitro studies
of the cyanobacterium Nodularia found increased levels of the toxin nodularin in samples

that were lysed with viruses (Suléius et al., 2018).
Metagenomic Analysis of Viruses

Viruses differ from other microbes in that they do not have a comprehensive
marker gene like the 16S rRNA gene in prokaryotes or the 18S rRNA gene in eukaryotes
(Rohwer & Edwards, 2002). This lack of universal marker gene makes the discovery and
classification of novel viruses comparably difficult. That is not to say there are no marker
genes for specific groups of viruses; the HK97 protein fold is unique to members of
Herpesviridae and double-stranded DNA bacteriophages, indicating that they have shared
a lineage in the past (Baker et al., 2005; Duda & Teschke, 2019). In theory, this fold
could be used similarly to the 16S or 18S sequences and sequenced using amplicon
sequencing, but this runs the risk of losing the vast majority of viral sequences that do not
contain this gene. Shotgun sequencing, the primary way of sequencing for the analysis of
viruses, mitigates losing diversity of viral communities by sequencing everything that is
in a sample, rather than just the microbes that contain a specific gene (Mohiuddin &
Schellhorn, 2015).

There are two major types of viruses that are found within freshwater
environments, bacteriophages and algal viruses. Bacteriophages are viruses that infect
bacteria, with three major families in aquatic habitats, split by morphology: Myoviridae,
which have contractile tails, Siphoviridae, which have long non-contractile tails, and
Podoviridae, which have short non-contractile tails (Maniloff & Ackermann, 1998).
Other than morphology, these families do not inform much about the virus, such as their

life cycles, or what host organism the virus infects; if you were to look at one of these

6



viral families holistically, you would find a variety of life cycles and incredibly broad
host ranges (Xia et al., 2013). Recent arguments have been made in favour of scrapping
these three morphological families and changing to a system of taxonomy that more
focused on genetics (Turner et al., 2021), which will allow for better divisions within

viral taxonomy that better informs on their potential function within their environment.

The other prevalent type of viruses found in freshwater lakes are
Nucleocytoplasmic Large DNA Viruses (NCLDV) which infect eukaryotic algae. These
viruses are among the largest viruses that are known to date, and include viruses such as
Pandoraviridae, Pithoviridae, and Poxviridae (Koonin & Yutin, 2019). Genomes of
NCLDV have been found to be over 1Mbp long (Koonin & Yutin, 2010). In freshwater,
members of Phycodnaviridae and Mimiviridae are common (Wilson et al., 2010;
Palermo et al., 2019). Like the bacteriophages, the taxonomy of NCLDV will probably
change once more are discovered through metagenomic means, and a better

understanding of their genomes has been elucidated (Wilson et al., 2010).

A unique family of viruses that are not as common and poorly in databases are
virophages from Lavidaviridae; viruses that ‘infect’ other viruses. There currently aren’t
many known virophages, with only 33 high quality sequences deposited in databases
(Paez-Espino et al., 2019; Fischer 2021). However, this number will likely increase as
more metagenomic datasets are deposited into existing databases (Paez-Espino et al.,
2019). The virophages that are currently known and characterized target members of the
NCLDV (Sobhy, 2018). In truth, ‘infection” doesn’t fully explain their relationship to the
viruses that they parasitize — it appears that virophages use the replication machinery of
both NCLDV and their hosts in order to replicate themselves, which has the added effect
of inhibiting replication of its host virus (Fischer, 2021). Virophages differ from satellite
viruses due to having much larger, double stranded DNA genomes, and genetic similarity
to other DNA viruses (Fischer, 2021).

Other viruses exist in freshwater environments, but one challenge we face in
trying to uncover them is the difficulty of finding them in shotgun sequencing data. The
past decade has seen a multitude of various viral identifiers produced with different

techniques. Many of these identifiers use database-driven methods in order to classify,
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either through the use of alignment algorithms such as BLAST or by comparing genes
within a query sequence to known viral genes (Andrade-Martinez et al., 2022; Miao et
al., 2022). Using viral identifiers that rely on pre-built databases has the drawback of
causing a positive feedback loop; viruses that are present within a database will cause
similar viruses within an environmental sample to be observed. Conversely, viruses that
are not found within a database are labeled as unidentified, uncharacterized, or potentially
even not viral in origin, as they do not have similar sequences to which they can be
matched (Miao et al., 2022; Kieft & Anantharaman, 2022). Other identifiers have been
created using methods that can limit the amount of bias coming from databases using
techniques such as machine learning or k-mer analysis (Andrade-Martinez et al., 2022;
Miao et al., 2022), although those can come at the cost of needing more computational
power (Miao et al., 2022). Programs such as VIBRANT (Kieft et al., 2020) and
VirSorter2 (Guo et al., 2021) work by combining both database-driven and machine

learning approaches, which can be useful in mitigating the blind spots of each technique.
Auxiliary Metabolic Genes in Viruses

The primary goal of viral infection is for the virus to force the host to produce its
viral progeny, thus continuing the cycle of infection (Zimmerman et al., 2020). That is
not to say that all its genes are solely for the purpose of overtaking its host cell; many
viruses have been found to contain genes that, ostensibly, do not have anything to do with
viral replication. These are called ‘Auxiliary Metabolic Genes’ (AMGS) and are genes
that viruses ‘steal’ from their hosts and potentially other more distantly related bacteria
(Crummett et al., 2016). AMGs as a class of genes are quite diverse, but what is most
interesting about them is that many are conserved across different environments, such as
genes involved in photosynthesis, carbon metabolism, nucleotide biosynthesis, and
cofactor biosynthesis (Breitbart et al., 2007; Hurwitz & U’ren, 2016; Crummett et al.,
2016). The inclusion of these genes across multiple viral genomes in different
environments suggests that these genes were not simply stolen by chance to be discarded
later down the line, but rather are key parts of the viral genome that universally increase
viral fitness (Breitbart et al., 2007).
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Large scale metagenomics work in marine enviroments has greatly increased our
awareness for AMGs (Williamson et al., 2008; Hurwitz & Sullivan, 2013). These studies
have uncovered AMGs from marine viruses that infect Prochlorococcus and
Synechococcus. These viruses are most well known for their AMGs related to
photosynthesis, specifically the photosystem Il core reaction centre D1 protein (psbA)
(Hurwitz & U’ren, 2016; Crummett et al., 2016; Lindell et al., 2005), although this is not
the only example. Photosynthesis AMGs are thought to be particularly important for
viruses to encode as viral replication will repress the host cell’s protein synthesis
(Fabricant & Kennel, 1970; Lindell et al., 2005; Hurwitz & U’ren, 2016). As phage D1
proteins are increasingly expressed throughout phage infection (Lindell et al., 2005),
photosynthesis is supplemented and allows the phage to maintain enough energy for
successful replication (Crummett et al., 2016; Lindell et al., 2005).

To say that AMGs are varied is an understatement and does not do justice to the
impacts that they have on global biogeochemical cycling. To list some examples, viruses
have been found to encode AMGs that are related to nitrogen cycling (Wang et al., 2022),
sulfur and thiosulfate oxidation (Anantharaman et al., 2014; Kieft et al., 2021), carbon
metabolism through the TCA cycle and fixation through photosynthesis, methanol
oxidation (Coutinho et al., 2020), and many more. As the discovery of more AMGs
continues, it becomes clear that only the tip of the iceberg has been scratched with
regards to the role of viruses within the environment and how they impact global nutrient

cycling.
Sample Area: Turkey Lake Watershed

The sample area for this study was Big Turkey Lake, a northern temperate lake
located approximately 50 km north of the city of Sault Ste. Marie, Ontario (Jeffries et al.,
1988), currently being used as a location by the forWater network for research into
cyanobacteria and water quality. This makes the location ideal for studying viruses in
freshwater, due to the abundance of information that is currently available about this site.
This lake is a part of a larger area known as the Turkey Lake Watershed and has been
used throughout the past few decades as a location to study anthropogenic effects on the

ecosystems of the Canadian shield (Jeffries & Foster, 2001). Initially chosen in 1980 as a



1.8

location to study the effects of acidic deposition from acid rain, numerous governmental
agencies have contributed to the collaborative research efforts in this location, including
Environment Canada, Natural Resources Canada, Fisheries and Oceans Canada, in
addition to many universities (Jeffries & Foster, 2001). The entire Turkey Lakes
Watershed composes an area of 10.5 km? and contains four distinct interconnected lakes
with five separate basins: Batchwana Lake (two basins), Wishart Lake, Little Turkey
Lake, and Big Turkey Lake (one basin) (Jeffries et al., 1988). Of the five basins, four are
considered dimictic, meaning they experience two periods of the year where they
overturn (Jeffries et al., 1988). Wishart Lake is the exception as the lake is too shallow to

experience stratification (Jeffries et al., 1988).

The cyanobacteria in the Turkey Lake Watershed have already been characterized
in previous research studies (Jeffries et al., 1988; Cameron, 2021). It has also been found
that, consistent with trends of increasing toxic cyanobacterial blooms found globally and
across Ontario (Winter et al., 2011), the amount of cyanobacteria and their growing
period found within the Turkey Lake Watershed has also been increasing (Cameron,
2021). In addition, water temperatures in the Turkey Lake Watershed have been
increasing as well (Creed et al., 2015), although it has also been noted that this likely is
not the sole factor driving the increase in cyanobacterial abundance in this location
(Cameron, 2021).

There is currently a lack of information about aquatic viruses that are observed in
the Turkey Lake Watershed. As explained earlier, viruses can have a significant effect on
the other organisms that live in their environment, thus studying the viruses in the Turkey
Lake Watershed will allow for a more holistic image of the entire system of microbes and

their ecological roles.
Objectives

Due to the limited knowledge on freshwater viruses and their potential impacts on
bloom-forming cyanobacteria and their environments, we explored the viral communities
in Big Turkey Lake, Ontario, using metagenomics. Specifically, the objectives were to
study the overall composition of the viral communities and how they change over time,

along with identifying potential AMGs encoded by the viral community and what they
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may indicate about the role of viruses within the lake. To my knowledge, an exploration
of the viral diversity within this lake has never been performed, meaning that the
information gleaned through this study is hereby novel. As the Turkey Lakes Watershed
has been the site of research on cyanobacterial communities in the past and present, this
study will allow for a greater understanding of how viruses fit into the larger environment
of freshwater lakes and will act as a springboard for further research into how viruses

impact cyanobacterial populations.
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Chapter 2: Materials and Methods

2.1  Sample Collection

The water samples that were used for this metagenomic study were collected by
Dr. Ellen Cameron as part of her Doctoral Thesis in the Miller Lab (Cameron, 2021),
studying cyanobacteria in the Turkey Lake Watershed (Figure 2.1). Of the samples that
Dr. Cameron took, six were selected for further analysis as part of this study, taken from
Big Turkey Lake of the Turkey Lake Watershed (47 02' 54.7"N, 84 25' 19.3"W), from
different time points between July 2018 and January 2020 (Table 2.1). The samples were
taken based on the secchi depth at the time of collection, which was determined using a
secchi disk. The exception to this is the sample taken during January 2020, due to the

lake experiencing ice cover — thus, only surface water was collected and filtered.

For each sample (Table 2.1), lake water was obtained using a Masterflex E/S
portable peristaltic pump and was subsequently vacuum filtered on 47 mm 1.2 um pore
size Whatman GF/C filters (Whatman plc, Buckinghamshire, United Kingdom). After
filtration, the GF/C filters were frozen and kept at a temperature of -20°C until further

analysis by Dr. Cameron and in this study.

Table 2.1. Water samples taken from Big Turkey Lake as used in this study.

Sample Collection Date  Depth (cat*)  Depth (m) Volume Filtered
(mL)
TL_JUL18 July 1812018 Secchi +1m 8 800
TL_MAY19 May 23" 2019 Secchi 5.25 1000
TL_JUN19 June 28" 2019 Secchi 5.75 1000
TL_JUL19 July 24" 2019 Secchi 5.25 1000
TL_AUGI19 August 2112019  Secchi 5 1000
TL_JANZ20 January 232020  Surface N/A 1000

*(cat) refers to the depth that the sample was taken in relation to the secchi depth at the time of sampling (a

measure of the turbidity of the water column)
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Figure 2.1 The Turkey Lake Watershed, Ontario, Canada. Samples were taken from Big Turkey Lake, which

in this image is labeled simply as ‘Turkey Lake’. Image used from the Government of Canada (Environment
Canada, 2014).

2.2  DNA Extraction and Assembly

Sample TL_JUL18 was sequenced separately before the start of this project, while
samples TL_MAY19 through TL_JANZ20 were sequenced as part of it (Figure 2.2, Step
1). For sample TL_JUL18, preparation of the samples was completed by Dr. Ellen
Cameron and sequencing was completed by the commercial laboratory Metagenom Bio
Inc (Waterloo, Ontario, Canada). For samples TL_MAY19-TL_JAN20, DNA extraction
and sequencing was done at the University of Toronto’s Centre for the Analysis of
Genome Evolution and Function (CAGEF) (Toronto, Ontario, Canada). Extraction of
DNA from all samples were completed using the Qiagen DNeasy PowerSoil kit
(QIAGEN Inc., Venlo, Netherlands) according to manufacturer protocol. For sequencing,
libraries were prepared using the lllumina DNA prep kit, following the manufacturers
protocol, while sequencing itself was performed using an lllumina MiSeq, 250x2 paired-

ends sequencing (lllumina Inc., San Diego, California, USA).
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The sequenced reads for sample TL_JUL18 were processed prior to the start of
this project by Dr. Cameron, while the remaining samples were processed as part of this
project. This was done using the Metagenome-Atlas pipeline (ver. 2.9.0) (Kieser et al.,
2019), a pipeline which provides an all-in-one analysis including quality control,
assembly, binning, and annotation of genes. For the purposes of this study, due to
different tools being needed for analysis of viral sequences, only quality control and
assembly was used in the Metagenome-Atlas pipeline. As part of the pipeline, quality
control of the sequenced samples was performed using programs from the BBtools suite,
a collection of bioinformatic programs designed for DNA and RNA analysis (Bushnell,
2019), while assembly was performed using the MetaSPAdes assembler. These

assemblies were performed using servers run by the Doxey Lab at the University of

Waterloo.

Step 5

Step 2

Viral Taxonomic

Host Taxonomic .
- Assignment
Profiling (BLASTp)
(Kraken2/bracken)

Sequencing and Viral Binning ANIG_
Assembly (vRhyme) Annotation
(Metagenome-Atlas) (IMG/MER)

Step 3

Viral Contig

Identification vMAG Analysis
(WhatThePhage) (IMG/VR)

Figure 2.2 Overview of bioinformatics workflow used in this study.
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2.3

2.4

Bacterial Identification using Kraken2

Once assembled using the Metagenome-Atlas pipeline, the contigs were sent
through the Kraken2 analysis tool (Wood et al., 2019) in order to determine the general
makeup of the bacterial community at the time of sampling (Figure 2.2, Step 2). Kraken2
was used on the Graham cluster of the Digital Research Alliance of Canada with the

standard database taxonomy, consisting of bacteria, archaea, viral, and human sequences.

Bracken (Lu et al., 2017) was used on the analysis results from Kraken2 to more
accurately measure abundance of the organisms found in the samples. Bracken was used
at the phylum level and the genus level to measure abundance of bacterial phyla and
genera within the phylum cyanobacteria. Results from the Bracken tool was analyzed

using the Pavian web application through R (Breitweiser & Salzberg, 2020).

Viral Identification, Binning, and Viral Metagenome-Assembled Genome

Generation

To identify contigs which were viral in origin, a combination of VirSorter2 and
VIBRANT (Guo et al., 2021; Kieft et al., 2020) was used in order to widen the search
while remaining relatively conservative (Figure 2.2, Step 3). To do this, the assembled
contigs from each sample were put through the pipeline WhatThePhage (Marquet et al.,
2022) on servers from the Doxey Lab, after which the VIBRANT and VirSorter2 output
files were concatenated (merged), and all duplicate contigs from the resulting file being

removed.

VIBRANT and VirSorter2 are excellent tools for the purposes of this study’s viral
identification, as they are not specialized in only bacteriophages; both VIBRANT and
VirSorter2 were shown to have higher accuracy in also identifying NCLDV while
VirSorter2 also has high accuracy in detecting virophages and RNA viruses (Guo et al.,
2021). Combining the output of different viral prediction tools has also been proposed as
a way of mitigating the blind spots of a specific tool (Kieft & Anantharaman, 2022).

Once the identification was complete, the virus-specific binning tool vRhyme
(Kieft et al., 2021) was used to create viral bins and potential viral metagenome-

assembled genomes (VMAGS) (Figure 2.2, Step 4). vRhyme was installed on the Graham
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2.5

cluster of Compute Canada (now the Digital Research Alliance of Canada). The
completed bins were then linked together to form potential VMAGS using auxiliary

VRhyme scripts that were included as part of the installation of the program.

In order to analyze the linked bins for potential vYMAG candidacy, the program
CheckV (Nayfach et al., 2021) was used to test for the bin quality, again using the
Graham cluster on Compute Canada. Bins that had a completeness score of >90% were
considered high-quality by CheckV and thus candidates for vMAG status (Nayfach et al,.
2021).

Taxonomic Identification

To assign taxonomy to our identified viral contigs and bins, the resulting linked
bins and unbinned contigs from vRhyme were analyzed using BLASTp (Altschul et
al.,1990) (Figure 2.2, Step 5). First, amino acid sequences and open reading frames
predicted for the linked bins were determined using Prodigal (Hyatt et al., 2010), a
software that can predict protein-coding genes from genomic data. The resulting
sequences were then compared to the nr database through BLASTYp, specifically being
compared to only viral taxa. The nr database was chosen as the reference database due to
the inclusion of environmental sequences that were not included in the refseq_protein

database.

For a viral contig to be assigned to a specific family, methodology from previous
literature sources were used (Jian et al., 2021). Briefly, each Open Reading Frame (ORF)
had to have a minimum bit score of 50 and an e value of <1e™ for it to be considered an
ORF from a specific taxonomic family. In total, 50% or more of the ORFs of a specific
contig had to be assigned to the same family for it to be considered a candidate for that
taxonomic family. For viral bins, the same methodology was used for assigning each
ORF a family. However, instead of >50% of total ORFs for candidacy into a taxonomic
family, a cutoff of >33% was used instead. As binning classifies contigs that it deems as
likely taxonomically similar, it was decided that taxonomic assignment of bins did not

need to be as strict as the 50% cut-off that was used when examining singular contigs.
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2.6

2.7

Viral Metagenome-Assembled Genome Analysis using IMG/VR

Specific vYMAGs were analyzed using BLAST analysis of the IMG/VR database
(Roux et al., 2021) located on the Joint Genome Institute (JGI) website (Figure 2.2, Step
6). The IMG/VR database was used for this purpose as it has information about a close
hit’s potential host species, allowing for the comparison of hosts between the query

sequences and the hit sequences.

Each VMAG had its genome annotated using PROKKA, a software tool used to
quickly annotate prokaryotic genomes (Seemann, 2014). PROKKA was used with the -k
viruses flag, which indicates to the program to only use viral databases to annotate genes.
Visualization of the resulting VMAGs and their annotated genomes was done using
DNAPIotter (Carver et al., 2014).

Auxiliary Metabolic Genes (AMG) annotation

To identify which viral genes could potentially encode AMGs, the viral contigs
were analyzed using JGI’s Integrated Microbial Genomes with Microbiome Samples —
Expert Review (IMG/MER) resources (Chen et al., 2021) (Figure 2.2, Step 7). Sequences
were first uploaded to the JGI Genomes Online Database (GOLD) (Mukherjee et al.,
2022) (Study ID: Gs0159196), where they were additionally annotated through
IMG/MER. The KEGG Orthology (KO) Database (Kanehisa et al., 2016) was chosen for
functional annotation of the proteins found within the viral contigs, as KEGG is used by
VIBRANT, one of the viral identifiers used in this study, for the functional annotation of
AMGs. Once the annotation was completed, the resulting annotations were manually
curated to remove genes that were categorized as involved with DNA replication and
reproduction, while highlighting the genes that are involved in pathways related to
different metabolic processes. These include, but are not limited to, nutrient acquisition,

photosynthesis, and amino acid synthesis.
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Chapter 3: Results

Assembled Reads of Big Turkey Lake

The amount of reads and the DNA concentration from each sample taken from
Big Turkey Lake were varied between samples, indicating that the level of biomass, both
viral and non-viral, found within the lake during the period of sampling was variable
(Table 3.1). The largest difference between the number of assembled contigs between
samples comes from the TL_JUL18 sample, which was sequenced separately from the
other samples. TL_JUL18 had an assembled contig count of 82 018, which was 3.5x the
number of contigs of the sample with the next highest sample (TL_JUN19). The
proportion of viral reads in a sample also varied between samples, with a range of 0.14%
viral contigs (TL_JUL19) to 0.72% viral contigs (TL_MAY19).

The assembled contigs that were identified as viral by VIBRANT and VirSorter2
were ‘adjusted’ to remove the duplicate contigs that both programs marked as viral. Apart
from the sample from TL_JUL19, all samples had some degree of overlap of identified
viral contigs between the two programs. In addition, across samples, the amount of
overlap between the two programs was relatively similar (Figure 3.1), with 14% overlap
(TL_JUNZ19) to 28% overlap (TL_JANZ20). Neither VIBRANT nor VirSorter2 were more
adept at identifying viral contigs across samples in this study — i.e. both programs had

samples where one identified more contigs than the other.

Table 3.1 Assembled Contigs and Viral Contigs from Big Turkey Lake.

Sample DNA Assembled Adjusted Viral % Viral
concentration Contigs Contigs* Contigs
TL_JUL18 11.7 ng/ul 82018 581 0.708
TL_MAY19 1.6 ng/pl 15221 110 0.723
TL_JUN19 5.1 ng/ul 23257 135 0.580
TL_JUL19 3.7 ng/ul 5547 8 0.144
TL_AUG19 4.9 ng/ul 19214 42 0.219
TL_JAN20 3.5 ng/ul 20765 130 0.626

*Adjusted contigs indicates that duplicate contigs identified by both software have been removed.
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Relative Amount of Viral Contigs
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Figure 3.1 Relative proportion of viral contigs from VIBRANT and VirSorter2. Contigs that were
identified as viral by both software programs were grouped together under ‘Both’.

Bacterial Community Composition

Kraken2 analysis of bacterial (Figure 3.2) communities found that the phylum
Proteobacteria (Figure 3.2, blue) was the most abundant across all six samples, with the
phylum Actinobacteria close behind (Figure 3.2, red). Cyanobacteria (Figure 3.2, green)
were most numerous in the summer months (TL_JUL18, TL_JUN19, TL_AUG19),
while less abundant in the spring and winter months of May and January.
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Figure 3.2 Bacterial community composition in Big Turkey Lake as analyzed by Kraken2 and bracken. Taxa

that had <1% relative abundance were listen under ‘Other Taxa’ (gray).
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Figure 3.3 Cyanobacterial community composition in Big Turkey Lake as analyzed by Kraken2 and

bracken. Genera that were <2% relative abundance were listed under ‘Other Taxa’ (gray).

Cyanobacteria in Big Turkey Lake (Figure 3.3) was primarily dominated by
picocyanobacteria, namely those of the genera Synechococcus (Figure 3.3, blue) and
Cyanobium (Figure 3.3, green). Members of the genera Nostoc (Figure 3.3, cyan) and
Microcystis (Figure 3.3, red), were present within multiple samples, although not as
dominant as the picocyanobacteria. Cyanobacteria that were found in <2% abundance
include, but are not limited to, members of the genera Cylindrospermopsis, Oscillatoria,

21



3.3

Relative Abundance

and Nodularia. A full list of the cyanobacterial genera found within Big Turkey Lake can

be found within the appendix.
Viral Community Composition

The viral community composition of Big Turkey Lake was primarily composed of
reads that were unable to be assigned a taxonomic family through BLASTp analysis, with
all six samples showing unassigned reads with a relative abundance of >50% (Figure 3.4,

light gray).
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Figure 3.4 Viral taxonomic families found across samples taken from Big Turkey Lake. Families that
are <1% relative abundance were listed under ‘Other Taxa’ (dark gray).

Phycodnaviridae (Figure 3.4, green) were found across all six samples, with a
distinct pattern of seasonality across samples. Spring 2019 and winter 2020, represented
by the TL_MAY19 (3.4%) and TL_JAN20 (1.5%) samples, had markedly lower relative
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abundance of Phycodnaviridae reads than those from the summer samples of TL_JUN19
(18.5%), TL_JUL19 (12.5%), and TL_AUG19 (19.1%).

Bacteriophages comprised the majority of assigned reads across all six samples.
Myoviridae is the first major family of bacteriophage that was found in Big Turkey Lake,
with sequences found in all six samples (Figure 3.4, red). The highest relative abundance
of Myoviridae was found in the sample from TL_JUL19 (25.0%), while the lowest was in
TL_AUG19 (2.4%). Podoviridae (Figure 3.4, blue) and Siphoviridae (Figure 3.4, yellow)
were found in all samples with the exception of TL_JUL19. When present, Podoviridae
had its highest relative abundance in TL_MAY19 (7.6%), and its lowest relative
abundance in TL_JUL18 (1.9%). Siphoviridae, when present, had its highest relative
abundance in TL_JANZ20 (19.2%) and the lowest in TL_JUN19 (3.7%).

When looking at the bacteriophage sequences holistically, their relative
abundance remains more consistent across most samples. Samples TL_JUL18 through to
TL_JUL19 all have bacteriophage abundance around 25%, while the other two samples
are more varied, with 16.7% and 41.5% for TL_AUG19 and TL_JAN20, respectively.

The final taxonomic family of importance that was identified are the
Lavidaviridae, which was found in both the TL_JUL18 (0.17%) and the TL_AUG19
(2.4%) samples. This family represents virophages. Other viral taxonomic families
classified that had a <1% abundance were found in the TL_JUL 18 sample, and consisted
solely of the viral families Herelleviridae, and Autographiviridae, which infect bacteria,

and Mimiviridae, which infects eukaryotic algae.
Constructing Bins for Viral Metagenome-Assembled Genomes (VMAGS)

Viral bins were able to be constructed for each of the six samples. Across all six
samples, a total of 104 bins were created, representing a total of 363 viral contigs (Table
3.2).
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Table 3.2 Number of Viral Bins Constructed by vRhyme from Metagenomic Data

Sample # of Bins # of contigs represented
TL_JUL18 61 189

TL_MAY19 9 34

TL_JUN19 23 86

TL_JUL19 1 3

TL_AUGI19 3 12

TL_JAN20 7 39
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Figure 3.5 Proportion of contigs binned by vRhyme in comparison to the entire sample.

The proportion of binned contigs across all samples remained relatively
consistent, with most samples having 30% of their contigs placed in a bin (Figure 3.5).
The exception to this was the TL_JUN19 sample, which had over 60% of its viral contigs

placed in a bin.
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Figure 3.6 Quality Analysis of constructed bins using CheckV. High quality bins were considered those that
had >90% completeness rating, medium quality indicates a completeness rating from 50%-90%, and <50%

completeness was considered low quality.
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CheckV analysis of the bins (Figure 3.6) showed that the majority of the bins

were considered ‘Low-Quality’, which meant that the completeness level was rated as

being <50%. By contrast, six bins across all samples were considered by CheckV to be

‘Medium-Quality’, and six bins were considered to be ‘High Quality’, indicating the bins

had a completeness of >90%. These six bins indicated to be ‘High Quality’ were

considered candidates for vMAG status.

3.5  VMAG analysis using IMG

Using the IMG/VR database, the vMAGs that were constructed were analyzed to

determine if they could be identified further, and if there are were any predicted hosts that
the VMAGs aligned to (Table 3.3). Out of the six, only the vMAG constructed from bin

15 aligned to a virus that infected a known host, which was to a Synechococcus sp.

However, all of the vMAGs aligned to sequences that were categorized as from

Caudovirales, indicating all vYMAGs were bacteriophages. The vVMAGs were unable to be

resolved into lower taxonomy. All alignments performed using the IMG/VR database had

an e-value of 0.0 and well exceeded the bit score cutoff of 50 used in the previous
BLASTDp analysis.

Table 3.3 BLAST analysis of Big Turkey Lake vVMAGs using the IMG/VR database

Predicted Assigned IMG/VR IMG/VR Predicted

VMAG Date Completeness BLASTp Family Lineage Host

TL_JUL18, Bin 8 July ‘18 100.0 Unassigned Caudovirales  Unassigned
TL_JUN19,Bin 15 June ‘19 92.64 Unassigned Caudovirales  Synechococcus sp.
TL_JUN19,Bin 17  June ‘19 100.0 Unassigned Caudovirales  Unassigned
TL_JUN19,Bin19  June ‘19 100.0 Siphoviridae Caudovirales  Unassigned
TL_AUGI19,Bin3 Aug‘l9 93.94 Unassigned Caudovirales  Unassigned
TL_JANZ20, Bin 2 Jan 20 100.0 Unassigned Caudovirales  Unassigned
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Figure 3.7 Viral Metagenome-Assembled Genomes in Big Turkey Lake as visualized using DNAPIotter.
Genes located on the forward strand were coloured pink, while genes on the reverse strand were coloured blue.
tRNA genes were coloured green, located on the central track (gray). VMAGS are circularized for visual
clarity.

Six VMAGSs were visualized using DNAPIotter (Figure 3.7). Across all six
samples, only three coding sequences were annotated by PROKKA (1.46% out of 205
CDSs). Two of these were annotated as tRNA coding sequences for tRNA-Ser and
tRNA-His, found in TL_MAY19 and TL_JAN20 respectively. The third annotation
aligned with a viral exonuclease. The remaining genes were annotated as ‘hypothetical
proteins’ by PROKKA, indicating that their function is still unknown.
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3.6 Auxiliary Metabolic Genes in Big Turkey Lake

The number of AMGs within each sample varied, although were generally
proportional to the amount of viral reads in a sample; i.e. samples that had fewer viral
contigs contained fewer AMGs (Table 3.4). There were seven categories that were found
across samples (Figure 3.8). The most common AMG categories represented were amino
acid metabolism and biosynthesis of secondary metabolites, which were found in five out
of the six samples — amino acid metabolism was not found in TL_JUN19, while
biosynthesis of secondary metabolites were not found in TL_AUG19. AMGs involved
with nucleotide metabolism and cofactor biosynthesis were found in four of the six

samples, while energy metabolism genes were found in three samples (.

AMGs involved with carbohydrate and lipid metabolism were the most
infrequently found AMG category, with carbohydrate metabolism found in two samples
(TL_JUL18, TL_JANZ20), and lipid metabolism only found in one sample (TL_JANZ20).
Lipid metabolism was the only category of AMG that was only represented in the winter
(TL_JANZ20). Nucleotide metabolism was the most abundant AMG category, with
twenty-seven genes across all six samples. Notable AMGs include those involved in
pathways for folate biosynthesis, nitrogen fixation, and photosynthesis (Table 3.5).

Table 3.4 Number of Auxiliary Metabolic Genes found across samples in Big Turkey Lake

Sample # of AMGs # of viral contigs
TL_JUL18 34 581

TL_MAY19 9 110

TL_JUNI19 16 135

TL_JUL19 3 8

TL_AUG19 3 42

TL_JANZ20 17 130
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Figure 3.8 Individual Auxiliary Metabolic Gene composition from each sample.



Table 3.5 Highlighted Auxiliary Metabolic Genes within Big Turkey Lake

Name Function # of Hits Pathway
folA, DHFR dihydrofolate reductase [EC:1.5.1.3] 1 Biosynthesis of
cofactors
folE, GCH1 GTP cyclopyrrolone IA [EC:3.5.4.16] 1 Biosynthesis of
Cofactors

mdh malate dehydrogenase [EC:1.1.1.37] 2 Energy Metabolism

nifU, iscU nitrogen fixation protein NifU and related 1 Energy Metabolism
proteins

sucD succinyl-CoA synthetase alpha subunit 2 Energy Metabolism
[EC:6.2.1.5]

psbK photosystem Il PsbK protein 1 Energy Metabolism

guaC, E1.7.1.7 GMP reductase [EC:1.7.1.7] 2 Nucleotide metabolism

thyA, TYMS thymidylate synthase [EC:2.1.1.45] 2 Nucleotide metabolism

thyX, thyl thymidylate synthase (FAD) 3 Nucleotide metabolism
[EC:2.1.1.148]

gmk, E2.7.4.8, guanylate kinase [EC:2.7.4.8] 1 Nucleotide metabolism

nrdA, nrdE, ribonucleoside-diphosphate reductase 4 Nucleotide Metabolism

E1.17.4.1A, alpha chain [EC:1.17.4.1]

fabG, OAR1 3-oxoacyl-[acyl-carrier protein] reductase 1 Lipid Metabolism
[EC:1.1.1.100]

fabF, OXSM, CEM1  3-oxoacyl-[acyl-carrier-protein] synthase 1 Lipid Metabolism
I [EC:2.3.1.179]

ugtpP processive 1,2-diacylglycerol beta- 1 Lipid Metabolism

glucosyltransferase [EC:2.4.1.315]

An extensive list of all AMGs found within Big Turkey Lake over the study period can be found within the
Appendix.
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Chapter 4: Discussion

Host Community Analysis of Big Turkey Lake

Using Kraken2 to analyze the assembled metagenomes, potential host taxa were
assigned to both the phylum and genus level. On the phylum level across all samples,
Proteobacteria and Actinobacteria were the most abundant across samples, with
Cyanobacteria and Bacteroidetes also being present in lower abundance. Previous studies
in temperate freshwater lakes have shown similar community structures, showing taxa
that are known to be relatively common bacterial phyla in freshwater environments
(Newton et al., 2011). While all phyla in the bacterial community of Big Turkey Lake do
display changes in their relative abundance over time, Cyanobacteria displays a very
pronounced seasonal shift, with relative abundance dropping off sharply in the winter
compared to the rest of the year. This aligns with current knowledge on Cyanobacterial
community dynamics, as it has been shown that the general trend of Cyanobacterial
abundance over time is an increase in biomass in the summer and a decrease in biomass

in the winter (Agawin et al., 1998).

The genera Synechococcus and Cyanobium were the genera that displayed the
consistently highest abundances in Big Turkey Lake; notably in TL_JUL18 and
TL_JUN19 samples, both genera were the only ones to have a >1% abundance. Cameron
(2021) previously noted the prevalence of picocyanobacteria within the Turkey Lake
Watershed, so the dominance of these genera within these samples aligns with previous
studies. Both genera have been reported to carry genes that allow them to produce toxins
and taste and odour compounds (Jakubowska & Szelag-Wsielewska, 2015; Journey et al.,
2012), so their prevalence in freshwater lakes, is something that should be monitored.
Another key cyanobacterial genus found within Big Turkey Lake is Microcystis, which
had hits across all six samples, indicating it can be found throughout the year. This genus
is also particularly noteworthy as toxin-producing strains have been the cause of severe
HABs globally (Huisman et al., 2018; Guo, 2007).

Previous work on Big Turkey Lake by Dr. Cameron used amplicon sequencing of

the 16S rRNA gene, while this study used shotgun sequencing. Both techniques delivered
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similar results in the relative abundance of the phylum Cyanobacteria; however,
amplicon sequencing of the 16S rRNA gene showed higher relative abundance of
cyanobacteria in comparison to the analysis of shotgun sequencing using Kraken2.
Recent articles comparing the two methods has shown that neither method is inherently
better than the other, as they both have their unique biases (Peterson et al., 2021).
Comparative studies between the two techniques leads to mixed results, with some seeing
increased representation of low abundance taxa using shotgun sequencing (Durazzi et al.,
2021; Brumfield et al., 2020), and others see increased diversity using amplicon
sequencing (Peterson et al., 2021). Combining the results of both techniques could allow
for covering the other techniques biases, allowing for more confidence in reporting of the

viral host communities.
Combining Viral-ldentifying Tools to Analyze Metagenomes

Previous literature has stressed the importance of not relying on one specific
identifier as the sole method to identify viral contigs from a metagenomic sample (Kieft
& Anantharaman, 2022). Excluding sample TL_JUN19, which did not contain any
overlapping contigs that were identified as viral by both programs (VIBRANT &
VirSorter2), there was some overlap between the viral contigs that were identified by the
two programs used in this study. The range of overlap between the contigs identified was
between 14% to 28%, which indicates that the majority of contigs in each sample were
unique to one of the two programs used in this study. This supports the current
recommendations that were stated by Kieft & Anantharaman (2022) of combining the
results of viral identifiers rather than simply relying on one sole viral identifier for the
entire sample or study. This broadens the net that is used to identify the contigs as viral
and allows for analysis of contigs that would have otherwise been overlooked if using a
different method.

Viral Communities in Big Turkey Lake

The viral communities found in Big Turkey Lake were diverse, with a variety of
different bacteriophage families, eukaryotic virus families, and virophages. However,
most of the viral sequences that were found from each sample were unable to be assigned

taxonomy through BLASTp analysis. This is not overly surprising, as viruses are poorly
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represented in databases compared to prokaryotes (Palermo et al., 2019), although it does
show that there is still a large amount of diversity that is not being properly seen. The
usage of NCBI’s nr database mitigates this underrepresentation due to the inclusion of
both high-quality and low-quality sequences and environmental samples, which greatly
increases the size of the reference database (Bagheri et al., 2020). However, even with
this increased reference database, the majority of sequences from each sample were
taxonomically unidentified; only the sample TL_JUNZ19 had more than 40% of the total
viral contigs identified after analysis.

Of the contigs that were able to be assigned taxonomy, bacteriophages made up
the bulk across all samples. Bacteriophage sequences remained relatively equal in
abundance, although TL_JANZ20 did have a higher relative abundance compared to the
other sample dates. TL_JUL19 was unique because it only contained bacteriophage
sequences that aligned with Myoviridae. However, this could easily be attributed to
sampling bias, as the sample contained only eight viral contigs, which is fewer in
comparison to the rest of the samples.

The Kraken2 analysis of bacterial taxa in Big Turkey Lake shows that
cyanobacteria are much less abundant in TL_JANZ20, while BLASTp analysis shows
relative abundance of bacteriophages is at its highest. This might suggest that most of the
bacteriophages during the winter are ones who parasitize heterotrophic bacteria rather
than cyanobacteria, although there currently isn’t enough information to confirm this
hypothesis. In future studies, this could be further examined by looking at the relationship
between chlorophyll-a and the abundance of bacteriophage in a sample; chlorophyll-a
and cyanobacterial viruses tend to be positively correlated within an environment (Vrede
et al., 2003; Tijdens et al., 2008; Palermo et al., 2019). This line of thought also reflects
other studies in Canadian lakes, which show that viral sequences collected from winter
and summer periods do not represent overlapping taxa (Girard et al., 2020). Ultimately,
this could explain the difference in relative bacteriophage abundance between samples

taken in the summer months and TL_JANZ20 that was noted previously.

Also of note from these samples were the eukaryotic algal viruses, of which the

vast majority that were found were part of the Phycodnaviridae family. These displayed
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strong seasonality, with samples from the summer months of June, July, and August
having the highest relative abundance compared to the winter and spring months.
Because the work by Dr. Cameron did not look at eukaryotic algae and their presence in
the lake, direct links between potential virus-host interactions for eukaryotic viruses
cannot be drawn for this specific time period, so not many conclusions can be drawn
about the seasonality of Phycodnaviridae and if it relates back to their host organisms.
However, Jeffries et al. (1988) did note in their original work that Big Turkey Lake
contained members of Chlorophyta, Chrysophyceae, and Pyrrophyta, so it is likely that
members of those taxa are hosts for the viruses found in this study and could be

candidates for further examination in the future.

Virophages, which co-infect with NCLDVs like those from Phycodnaviridae, do
not appear to be a significant member of the community in Big Turkey Lake, with only
two contigs across all six samples being assigned to Lavidaviridae. That being said,
virophages are poorly represented in databases, less so than other viruses in the first place
(Paez-Espino et al., 2019), so it is possible that the true abundance of virophages could be

concealed within the unassigned contigs of this study.

The viral community found in Big Turkey Lake is most interesting when
compared to viral communities found in other lakes. Palermo et al. (2019) studied the
viral communities within Hamilton Harbour, an embayment in Lake Ontario which has
been highly contaminated through industrial waste (Giglia, 2015), and in essence,
represents a habitat that is the opposite of the Turkey Lake Watershed (which is relatively
untouched by human activity). The communities in Hamilton Harbour were markedly
different than those found within this study, most notably being in the increased
abundance and diversity of virophages, which were the dominant viruses in some
samples. In addition, bacteriophages were less abundant than expected. This is much
different than the results in the Big Turkey Lake study, where bacteriophages were the
dominant identified virus across all samples. There are also key differences in the
characterized NCLDV sequences found within Hamilton Harbour, with Mimiviridae
being the dominant family of algal viruses over Phycodnaviridae (Palermo et al., 2019),
which was, again, the opposite of what was found in this study. It is possible that these
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difference could be due to geographical site variations, as the two sites have drastically
different levels of human activity and anthropogenic impacts associated with them. This
could lead to interesting research questions in the future regarding the impacts of human

activity on viral communities.
Classifications of vYMAGs from Big Turkey Lake

Of the six VMAGs that were identified, only one was able to be resolved to the
family level through BLASTYp analysis in the nr database, which was assigned to the
family Siphoviridae. Further analysis using the IMG/VR database from JGI did not
resolve any other vMAGs to the family level, although it did show that all six of the
VMAG:s aligned with other Caudovirales viruses indicating that all VMAGs are
bacteriophages. In addition, one VMAG aligned with a virus that is known to infect the
cyanobacteria Synechococcus, which is one of the most common genera of cyanobacteria
in Big Turkey Lake (Cameron, 2021; this study). Notably, the cyanobacteria population
within the sample that this vYMAG was identified in, TL_JUN19, was dominated by

Synechococcus.

Three sequences annotated with PROKKA were identified, with two being tRNA
(tRNA-Ser and tRNA-His). The purpose of tRNA within bacteriophages has not been
fully elucidated, although current research seems to link viral tRNA genes with increased
viral fitness, with tRNA deletions from viral genomes causing a decrease in both burst
size and protein synthesis (Albers & Czech, 2016). One possible explanation for the
decreased burst size and protein synthesis is that tRNAs in viral genomes are included
because they represent codons that are rare within their host, but common within the
phage genome — by including these tRNA genes, a virus is then able to replicate more
efficiently (Bailly-Bechet, Vergassola, & Rocha, 2007). The third sequence identified by
PROKKA was an exonuclease, which are commonly found in bacteriophage genomes as
part of recombination machinery. This aids the virus in overcoming host defenses, and in
its own replication (Brewster & Tolun, 2020). The remaining coding sequences in the
VMAGSs were annotated as hypothetical proteins, indicating they did not have similar
protein representatives in the PROKKA database. While many of these genes were

annotated as hypothetical, that doesn’t mean that these vVMAGs are truly novel; instead,
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these VMAGs are most likely bacteriophages that are poorly represented within the

conventional databases that most programs use for their annotation.

Viral Roles in Big Turkey Lake through Auxiliary Metabolic Gene Analysis
Auxiliary Metabolic Genes (AMGs) were found across all samples with more
AMGs being found in samples that had more viral contigs. Most categories of AMGs did
not display clear trends of seasonality between samples, although this is hard to fully
determine as two samples only contained three AMGs, causing a strong likelihood of
sampling bias. The exception to this, however, are AMGs that are related to lipid
metabolism, which were only found in the winter sample (TL_JANZ20). These genes were
1,2-diacylglycerol beta-glucosyltransferase (ugtP) and 3-oxoacyl-[acyl-carrier protein]
reductase and synthase (fabF, fabG), both of which are important in the biosynthesis of
membrane lipids (Matsuoka et al., 2016; Guo et al., 2019). In addition, the fabG gene is
highly conserved among bacterial species, emphasizing its importance (Guo et al., 2019).
These AMGs in particular are quite interesting, as bacteria are known to adapt to cold
temperatures by increasing production of membrane lipids and fatty acids (Hassan et al.,
2020). It is possible that viruses that infect organisms during this period of the year have
adapted to colder weather conditions by forcing their hosts to produce more fatty acids. It
is also possible that, if the virus integrates itself into the host genome through lysogeny,
these genes would be helping the host survive the winter through the production of these
lipid metabolism genes, until a more appropriate time for replication arrives. After all, it
would be in the best interest of the virus that its host does not die before its viral progeny

can be successfully replicated.

The most abundant pathway represented in these AMGs were those related to
nucleotide metabolism, which had multiple genes like guanine reductase (guaC),
guanylate kinase (gmk), and ribonucleoside-diphosphate reductase (nrdA) which were
represented across multiple samples. AMGs in this category would be important for
helping to bolster the biosynthesis of nucleic acids, which is an important step in viral
replication (Gao et al., 2016; Crummett et al., 2016). Viruses with these genes would be

able to produce more viral progeny and have higher fitness than those that do not.
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One pathway that was represented across samples was related to folate
biosynthesis, with genes present such as thymidylate synthase (thyX, thyA), and
dihydrofolate reductase (folA), all of which have been found in viruses previously (Luo et
al., 2022). As viruses downregulate production of host proteins (Fabricant & Kennel,
1970; Hurwitz & U’ren, 2016), and folate is an essential nutrient for DNA and protein
synthesis (Bermingham & Derrick, 2002), it is possible that viruses in Big Turkey Lake
have evolved to force their hosts to produce more folic acid to boost their own
replication. Other key AMGs that were found within this study were those related to
energy metabolism pathways. Specifically, succinyl-CoA synthetase (sucD) and malate
dehydrogenase (mdh) were represented across multiple samples, both of which are genes

involved in the TCA cycle.

There were notable AMGs found that have potential impact on the environment in
Big Turkey Lake, for example a protein involved in photosynthesis: photosystem 11
(psbK). Oceanic viruses have been found to be common carriers of photosystem Il genes,
and it has been suggested that viruses may be key players in global photosynthesis rates
(Lindell et al., 2005; Heyerhoff et al., 2022), with metatranscriptome studies showing
that viruses can contribute 40% of psbA expression within an environment (Sieradzki et
al., 2019). This implies viruses in marine environments are key players in global oxygen
production. The presence of these genes in freshwater viruses suggest that they could be
playing a similar role to oceanic viruses in increasing the global rates of photosynthesis in

lakes.

Another key AMG that could imply another potential role for viruses was in
nitrogen fixation, specifically in the gene nifU. The presence of this gene implies that
viruses might play a role in the nitrogen cycle within Big Turkey Lake. This is not the
first time that the nifU gene has been found in viruses, with the gene showing up in
studies sampling from oceanic environments (Williamson et al., 2008; Mara et al., 2020).
The specific pathway being nitrogen fixation is also notable; infamous bloom-former M.
aeruginosa is unable to fix nitrogen and relies on external sources to get the nitrogen it
needs (Paerl et al., 2014). While purely speculative, AMGs related to the nitrogen cycle
and specifically to nitrogen fixation may cause higher amounts of nitrogen within a body
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of water as they infect their hosts, which could contribute to a future bloom of M.
aeruginosa. While certainly this would not be the only cause of a potential bloom, viruses
may be another key piece of the puzzle that future work on bloom mitigation should

consider.

Of course, it is vital to state that this is not something that can be concluded from
a single gene found within a sample from Big Turkey Lake. In fact, the gene nifU has
been shown to be not required for nitrogen fixation (Lyons & Thiel, 1995), and similar
nifU-like genes have been found in non-nitrogen fixing organisms (Hwang et al., 1996).
While speculation about viruses and links to nitrogen fixation can certainly be interesting,
there is not currently enough evidence to do anything but that: speculate.

Implications of Sample Filtration on Results

The original samples taken by Dr. Cameron were filtered through 1.2 um pore
size filters, with the resulting DNA extraction being done on the biomass recovered from
the filters. With a pore size of 1.2 um, even the largest viruses such as members of the
NCLDV clade are too small to be caught by the filter, as their particle sizes generally
range from 0.1 um (Colson et al., 2013) to 1.2 um in length (Legendre et al., 2014).
Logically, bacteriophages that are smaller than members of the NCLDV would also not
be captured by the filter. Due to the loss of viruses that pass through the pores during
filtration, the diversity of viruses that are recovered after DNA extraction and analysis do
not truly reflect the diversity of viruses within Big Turkey Lake at the time of sampling.
In addition, viruses are known to be present within the sediment of lakes (Mei &
Danovaro, 2004), and would also not be captured and represented within this study. This
limitation as a result of pore size would also extend to the diversity of bacteria found
within each sample, as picocyanobacteria range from 0.2 pm to 2.0 pm (Sliwifiska-
Wilczewska et al., 2018), meaning that it is likely that not all bacterial diversity has been

captured.

The implication of this limitation by pore size is that the majority of the viruses
captured by this study are those that were associated with cells. This includes viruses that
were either actively infecting cells and replicating or have attached to cells and were

preparing for infection. While this does mean that the study performed here does not fully
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encapsulate the entire scope of viral diversity in Big Turkey Lake, it allows for the
examination of viruses that are active in the environment, and these are the viruses that
are most likely to have a larger impact on the environment through AMGs and through
their effects on cyanobacterial lysis.

State of Viral Taxonomy in the Future

One of the issues with assigning taxonomy to viral contigs at the current point in
time is the current state of flux that we find ourselves in. Historically, the taxonomy of
bacteriophages has been separated through morphology, with the three major families of
Myoviridae, Siphoviridae, and Podoviridae all found within the order Caudovirales
(Turner et al., 2021). With the increased prevalence of genetic analysis within the past
two decades, there has been a general shift away from morphology-based taxonomy; in
the past two years, it has been suggested that the separation into the three major
morphology-based families is an outdated practice, and that the families should be
abolished in total (Turner et al., 2021; Adriaenssens, 2021). This also coincides with an
expansion of the taxonomic hierarchies that are used to classify viruses, from the
previous five ranks to the new fifteen ranks (International Committee on Taxonomy of
Viruses Executive Committee, 2020). With this taxonomic rank expansion and potential
changes to abolish previously used bacteriophage families, it can be expected that the

entire system of viral taxonomy will soon be upended.

As stated previously, the morphology-based taxonomy that is currently used does
not lend itself well to identifying potential host organisms for viruses (Xia et al., 2013).
However, some more recently identified viral families are based in genetics rather than
morphology and have defined host ranges. E.g., Herelleviridae, which currently only
infects bacteria from the phylum Firmicutes (Barylski et al., 2020). While purely
speculative, it is possible that a reorganization of viral families will emphasize
relationships between viruses that share hosts, or what family of organism the virus most

likely infects.
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Chapter 5: Conclusions and Further Research

Diversity of Viruses in Freshwater Remains Largely Unknown

While the diversity of viruses within Big Turkey Lake is quite complex, most
viruses within the lake are unidentified at the time of this study’s completion. This is
mostly likely due to the underrepresentation of viruses within the databases that were
used to assign taxonomy. This study is limited with regards to both the number of
samples and the replication of samples taken, which does not permit for in-depth
statistical analysis. While current data does imply seasonality among viruses in Big
Turkey Lake, there is not enough information to conclude with confidence on diversity
differences among viral communities, and if that seasonality is related to their hosts
seasonality. Phycodnaviridae, eukaryotic algal viruses, seem to be most abundant during
the summer. Bacteriophages, on the other hand, seem to be more consistently abundant

across samples and most seasons, although they were more abundant in the winter.

These observations and their interpretation will likely change as the taxonomy of
viruses shift from being based on morphology to being based on genetics. It is currently
unclear how, exactly, this will influence the results of this study, but it is possible that
more information can be gleaned about the viral community and their potential hosts after
the taxonomy has been updated. These observations, which are based on individual
samples across seasons, will also likely change with further sampling in the future; this
includes the sequencing of replicates, and covering a larger temporal and spatial scale

with increased sampling across many years.

Viral Auxiliary Metabolic Genes within Big Turkey Lake Display Potential Viral
Roles in Nitrogen Fixation, Carbon Fixation, and Photosynthesis

AMGs were found across all samples taken from Big Turkey Lake; most
categories of AMGs were consistent across all samples. Lipid metabolism genes were
only found during the winter, which could be a potential adaptation for increased fitness
during period of low temperatures. Genes that were for pathways such as amino acid
metabolism, nucleotide metabolism, and the biosynthesis of secondary metabolites were

among the most common AMGs within this environment. Individual AMGs that are
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found across samples were important for folate metabolism (thyX, folE, folA) and for
energy production and carbon metabolism through the TCA cycle (sucD, mdh). In
addition, the presence of psbK suggests that viruses in freshwater may also have a large
impact on the rate of photosynthesis within freshwater environments, similar to the use of
photosynthesis AMGs in marine environments (Lindell et al., 2005; Heyerhoff et al.,
2022). Other AMGs have also suggested that viruses in Big Turkey Lake might have a
hand in the nitrogen cycle, due to the presence of nitrogen fixation gene nifU, within one
sample. This may have significant implications for harmful algal blooms, as excess

bioavailable nitrogen can be a key factor in their proliferation.

The presence of lipid metabolism AMGs during the winter period as a possible
adaptation to colder temperatures is interesting, and to my knowledge has not been
highlighted in previous research. Further research into viral AMGs could consider
examining seasonality within these genes to see if lipids are, in fact a seasonal adaptation,
or if there are other genes that provide similar advantages during different points of the

year.

Future Research on Viruses in Big Turkey Lake Should be Focused on Virus-Host
Relationships and Physicochemical Links to Seasonality

This study presents baseline knowledge of the type of microbial cell-associated
viruses present within Big Turkey Lake, the taxonomic families that these viruses belong
to, and their potential function within the wider ecosystem. One thing that is missing
from this study is an exploration of potential hosts for these viruses. This would shed
light on which viruses infect which hosts, how viruses potentially influence the
abundance of cyanobacteria, and ultimately could be linked to important questions
surrounding cyanobacteria in freshwater environments, like the production of toxins and
taste and odour compounds. As the overall goal within the research at the Turkey Lakes
Watershed is related to impacts of cyanobacteria on water quality, this would be an

important addition to our knowledge on this subject.

There are numerous tools that could be used to explore this avenue of research,
such as, but not limited to, HoPhage (Tan et al., 2021), HostPhinder (Villarroel et al.,
2016), and VirHostMatcher (Ahlgren et al., 2017). While all of these tools rely on
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different methods to identify hosts from viral metagenomic data, some of them do run
into the issue of underrepresentation in databases preventing accurate prediction (Tan et
al., 2021). Another avenue to explore would be the use of CRISPR spacers to assign
hosts to a virus based on the similarity between the two (Sanguino et al., 2015).
Ultimately, these approaches for the identification of viral hosts will allow for further

understanding of viruses in freshwater environments and should be explored in the future.

Another important aspect to focus on in the future is whether seasonality within
viral communities in Big Turkey Lake is truly occurring, as this is currently the only
study to examine these trends. In addition, this study has a low number of samples, so
definitive conclusions are hard to declare — as stated before, more replicates and a longer
study duration will help tease out more information about viral communities and their
link to seasonal patterns. Once this has been completed, and if future studies reinforce the
findings of this current study, linking these communities to various physicochemical
factors like temperature, pH, nutrient concentrations, etc. will allow us to understand how
viral communities change with their environment, and in turn, tell us more about how

these viruses interact with their host species.
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Appendix

Supplementary Table 1. Relative Abundance of Cyanobacterial Genera in in Percent

Name TL_JUL18 TL_MAY19 TL_JUN19 TL_JUL19 TL_AUG19 TL_JAN20
Synechococcus 83.057 40.000 80.619 43.802 50.845 23.596
Cyanobium 13.858 5.517 15.251 8.264 9.677 4.494
Microcystis 0.198 2.069 0.233 16.529 9.524 3.371
Nostoc 0.323 4.138 0.333 9.091 4.916 13.483
Synechocystis 0.115 1.379 0.100 0.826 3.072 1.124
Calothrix 0.198 10.345 0.433 3.306 2.688 4.494
Prochlorococcus 0.313 2.759 0.599 0.826 0.384 0.000
Gloeothece 0.031 0.690 0.033 0.826 2.151 1.124
Parasynechococcus 0.250 0.000 0.233 0.000 0.077 0.000
Rippkaea 0.000 0.690 0.000 0.000 1.152 1.124
Stanieria 0.042 2.069 0.100 0.000 0.998 1.124
Sphaerospermopsis 0.031 2.759 0.133 0.826 0.922 4.494
Leptolyngbya 0.125 2.069 0.200 0.826 0.922 3.371
Anabaena 0.042 2.069 0.033 1.653 0.845 3.371
Planktothrix 0.063 0.000 0.133 1.653 0.845 1.124
Tolypothrix 0.021 0.690 0.033 0.000 0.768 1.124
Geminocystis 0.104 0.690 0.167 2.479 0.691 2.247
Crocosphaera 0.021 0.000 0.000 0.826 0.768 0.000
Dolichospermum 0.031 0.690 0.033 2.479 0.691 0.000
Gloeobacter 0.094 0.690 0.000 0.000 0.154 3.371
Pseudanabaena 0.052 0.000 0.167 0.000 0.614 2.247
Acaryochloris 0.073 0.690 0.067 0.000 0.230 1.124
Fischerella 0.052 1.379 0.067 0.826 0.461 3.371
Oscillatoria 0.021 0.690 0.067 0.826 0.461 1.124
Thermosynechococcus  0.063 2.759 0.000 0.000 0.077 2.247
Scytonema 0.063 0.000 0.067 0.000 0.154 3.371
Richelia 0.021 0.690 0.067 0.000 0.384 0.000
Nodularia 0.042 0.690 0.033 0.000 0.384 0.000
Kovacikia 0.052 1.379 0.100 0.000 0.230 2.247
Thermoleptolyngbya 0.052 0.690 0.000 0.000 0.077 0.000
Cylindrospermopsis 0.042 0.690 0.000 0.000 0.154 0.000
Chondrocystis 0.010 0.690 0.033 0.826 0.307 0.000
Moorena 0.042 1.379 0.033 0.826 0.307 0.000

57



Name TL JUL18 TL_MAY19 TL JUN19 TL_JUL19 TL_AUG19 TL_JAN20

Crinalium 0.021 0.690 0.067 0.000 0.307 0.000
Microcoleus 0.042 0.690 0.067 0.000 0.000 1.124
Halomicronema 0.042 0.690 0.000 0.000 0.077 0.000
Anabaenopsis 0.031 0.000 0.033 0.000 0.307 2.247
Leptodesmis 0.042 0.000 0.100 0.000 0.230 0.000
Euhalothece 0.000 0.000 0.000 0.000 0.307 0.000
Pleurocapsa 0.021 0.000 0.000 0.000 0.307 0.000
Trichormus 0.021 0.690 0.000 0.000 0.230 1.124
Rivularia 0.021 0.690 0.067 0.000 0.230 0.000
Chamaesiphon 0.031 0.000 0.033 0.000 0.077 0.000
Koinonema 0.031 0.000 0.033 0.000 0.077 0.000
Dactylococcopsis 0.010 0.000 0.000 0.000 0.230 0.000
Halothece 0.000 0.000 0.000 0.000 0.230 0.000
Allocoleopsis 0.010 0.000 0.000 0.000 0.230 0.000
Geitlerinema 0.031 0.000 0.000 0.000 0.154 0.000
Cylindrospermum 0.021 0.690 0.033 0.000 0.154 0.000
Brasilonema 0.021 1.379 0.033 0.000 0.077 1.124
Gloeocapsa 0.010 0.690 0.033 0.000 0.154 1.124
Cyanobacterium 0.010 1.379 0.033 0.000 0.154 2.247
Oxynema 0.010 0.000 0.033 1.653 0.077 0.000
Limnospira 0.021 0.000 0.000 0.000 0.154 0.000
Chroococcidiopsis 0.010 0.000 0.000 0.000 0.154 0.000
Anthocerotibacter 0.021 0.000 0.000 0.000 0.000 1.124
Candidatus 0.000 0.690 0.000 0.000 0.077 1.124
Atelocyanobacterium

Leptothermofonsia 0.000 0.690 0.033 0.826 0.000 0.000
Thermostichus 0.010 0.000 0.033 0.000 0.077 0.000
Gloeomargarita 0.010 0.000 0.000 0.000 0.000 0.000
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Supplementary Table 2. Auxiliary Metabolic Genes from Big Turkey Lake

TLWA43
Name Definition Gene Pathway
Count
speD, AMD1 S-adenosylmethionine decarboxylase 1 Amino acid metabolism
[EC:4.1.1.50]
glnA, GLUL glutamine synthetase [EC:6.3.1.2] 1 Amino acid metabolism
mhpC 2-hydroxy-6-oxonona-2,4-dienedioate 1 Amino acid metabolism
hydrolase [EC:3.7.1.14]
DHFR, folA dihydrofolate reductase [EC:1.5.1.3] 1 Biosynthesis of
cofactors
pyrF orotidine-5'-phosphate decarboxylase 1 Biosynthesis of
[EC:4.1.1.23] cofactors
hemH, FECH protoporphyrin/coproporphyrin 1 Biosynthesis of
ferrochelatase [EC:4.99.1.1 4.99.1.9] cofactors
iscS, NFS1 cysteine desulfurase [EC:2.8.1.7] 1 Biosynthesis of
cofactors
GAE, capl) UDP-glucuronate 4-epimerase [EC:5.1.3.6] 1 Biosynthesis of
cofactors
rfbD, rmID dTDP-4-dehydrorhamnose reductase 1 Biosynthesis of
[EC:1.1.1.133] secondary metabolites
rfbA, rmiA, rffH glucose-1-phosphate thymidylyltransferase 1 Biosynthesis of
[EC:2.7.7.24] secondary metabolites
trpC indole-3-glycerol phosphate synthase 1 Biosynthesis of
[EC:4.1.1.48] secondary metabolites
E2.2.1.6L, ilvB, ilvG, acetolactate synthase I/Il/Ill large subunit 1 Biosynthesis of
ilvl [EC:2.2.1.6] secondary metabolites
rfbB, rmiB, rffG dTDP-glucose 4,6-dehydratase 1 Biosynthesis of
[EC:4.2.1.46] secondary metabolites
rfbC, rmiC dTDP-4-dehydrorhamnose 3,5-epimerase 1 Biosynthesis of

[EC:5.1.3.13]

secondary metabolites
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gmd, GMDS GDPmannose 4,6-dehydratase Carbohydrate
[EC:4.2.1.47] Metabolism
galE, GALE UDP-glucose 4-epimerase [EC:5.1.3.2] Carbohydrate
Metabolism
pgmB beta-phosphoglucomutase [EC:5.4.2.6] Carbohydrate
Metabolism
TSTAS3, fcl GDP-L-fucose synthase [EC:1.1.1.271] Carbohydrate
Metabolism
glmsS, GFPT glutamine---fructose-6-phosphate Carbohydrate
transaminase (isomerizing) [EC:2.6.1.16] Metabolism
mdh malate dehydrogenase [EC:1.1.1.37] Energy Metabolism
sucD succinyl-CoA synthetase alpha subunit Energy Metabolism
[EC:6.2.1.5]
psbK photosystem Il PsbK protein Energy Metabolism
ndhB NAD(P)H-quinone oxidoreductase subunit Energy Metabolism

2 [EC:7.1.1.2]

E1.7.1.7, guaC

GMP reductase [EC:1.7.1.7]

Nucleotide metabolism

thyA, TYMS

thymidylate synthase [EC:2.1.1.45]

Nucleotide metabolism

APRT, apt

adenine phosphoribosyltransferase

[EC:2.4.2.7]

Nucleotide metabolism

E2.7.4.8, gmk

guanylate kinase [EC:2.7.4.8]

Nucleotide metabolism

dcd

dCTP deaminase [EC:3.5.4.13]

Nucleotide metabolism

dut, DUT

dUTP pyrophosphatase [EC:3.6.1.23]

Nucleotide metabolism

pyrG, CTPS

CTP synthase [EC:6.3.4.2]

Nucleotide metabolism

thyX, thyl

thymidylate synthase (FAD) [EC:2.1.1.148]

Nucleotide metabolism

TLW233

rtpR

ribonucleoside-triphosphate reductase

(thioredoxin) [EC:1.17.4.2]

Nucleotide Metabolism

dut, DUT

dUTP pyrophosphatase [EC:3.6.1.23]

Nucleotide Metabolism

E4.6.1.1

adenylate cyclase [EC:4.6.1.1]

Nucleotide Metabolism

thyX, thyl

thymidylate synthase (FAD) [EC:2.1.1.148]

Nucleotide Metabolism
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HDDC3 guanosine-3',5'-bis(diphosphate) 3'- 1 Nucleotide Metabolism
pyrophosphohydrolase [EC:3.1.7.2]

iscU, nifU nitrogen fixation protein NifU and related 1 Energy Metabolism
proteins

erpA iron-sulfur cluster insertion protein 1 Energy Metabolism

K23144 glucosamine-1-phosphate N- 1 Biosynthesis of
acetyltransferase Secondary Metabolites

map methionyl aminopeptidase [EC:3.4.11.18] 1 Amino Acid Metabolism

TLW278

E1.7.1.7, guaC GMP reductase [EC:1.7.1.7] 1 Nucleotide Metabolism

E1.17.4.1A, nrdA, ribonucleoside-diphosphate reductase 2 Nucleotide Metabolism

nrdE alpha chain [EC:1.17.4.1]

rtpR ribonucleoside-triphosphate reductase 1 Nucleotide Metabolism
(thioredoxin) [EC:1.17.4.2]

thyA, TYMS thymidylate synthase [EC:2.1.1.45] 1 Nucleotide Metabolism

tdk, TK thymidine kinase [EC:2.7.1.21] 2 Nucleotide Metabolism

thyX, thyl thymidylate synthase (FAD) [EC:2.1.1.148] 2 Nucleotide Metabolism

acpP acyl carrier protein 1 Biosynthesis of

Secondary Metabolites

pdxA 4-hydroxythreonine-4-phosphate 1 Biosynthesis of
dehydrogenase [EC:1.1.1.262] cofactors

gpt xanthine phosphoribosyltransferase 1 Biosynthesis of
[EC:2.4.2.22] cofactors

trpC indole-3-glycerol phosphate synthase 1 Amino Acid Metabolism
[EC:4.1.1.48]

speD, AMD1 S-adenosylmethionine decarboxylase 2 Amino Acid Metabolism
[EC:4.1.1.50]

TLW323

mdh malate dehydrogenase [EC:1.1.1.37] 1 Energy Metabolism

sucD succinyl-CoA synthetase alpha subunit 1 Energy Metabolism

[EC:6.2.1.5]

61



galE, GALE UDP-glucose 4-epimerase [EC:5.1.3.2] Carbohydrate
Metabolism

TLW368

DNMT1, dcm DNA (cytosine-5)-methyltransferase 1 Amino Acid Metabolism
[EC:2.1.1.37]

glmsS, GFPT glutamine---fructose-6-phosphate Amino Acid Metabolism
transaminase (isomerizing) [EC:2.6.1.16]

queF 7-cyano-7-deazaguanine reductase Biosynthesis of
[EC:1.7.1.13] cofactors

TLW410

E1.17.4.1A, nrdA,
nrdE

ribonucleoside-diphosphate reductase

alpha chain [EC:1.17.4.1]

Nucleotide Metabolism

E1.17.4.1B, nrdB,

ribonucleoside-diphosphate reductase beta

Nucleotide Metabolism

nrdF chain [EC:1.17.4.1]

comEB dCMP deaminase [EC:3.5.4.12] Nucleotide Metabolism

dut, DUT dUTP pyrophosphatase [EC:3.6.1.23] Nucleotide Metabolism

fabG, OAR1 3-oxoacyl-[acyl-carrier protein] reductase Lipid Metabolism
[EC:1.1.1.100]

ugtP processive 1,2-diacylglycerol beta- Lipid Metabolism

glucosyltransferase [EC:2.4.1.315]

fabF, OXSM, CEM1

3-oxoacyl-[acyl-carrier-protein] synthase Il

[EC:2.3.1.179]

Lipid Metabolism

glmS, GFPT glutamine---fructose-6-phosphate Carbohydrate
transaminase (isomerizing) [EC:2.6.1.16] Metabolism

gmd, GMDS GDPmannose 4,6-dehydratase Carbohydrate
[EC:4.2.1.47] Metabolism

TSTAS3, fcl GDP-L-fucose synthase [EC:1.1.1.271] Carbohydrate
Metabolism

UXS1, uxs UDP-glucuronate decarboxylase Carbohydrate
[EC:4.1.1.35] Metabolism
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acpP

acyl carrier protein

Biosynthesis of

Secondary Metabolites

GCH1, folE

GTP cyclohydrolase IA [EC:3.5.4.16]

Biosynthesis of

Cofactors

queD, ptpS, PTS

6-pyruvoyltetrahydropterin/6-

carboxytetrahydropterin synthase

[EC:4.2.3.12 4.1.2.50]

Biosynthesis of

Cofactors

ribBA

3,4-dihydroxy 2-butanone 4-phosphate
synthase / GTP cyclohydrolase Il

[EC:4.1.99.12 3.5.4.25]

Biosynthesis of

Cofactors

dapB

4-hydroxy-tetrahydrodipicolinate

reductase [EC:1.17.1.8]

Amino Acid Metabolism

Labels in yellow indicate AMG was already highlighted within the results section.
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