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ABSTRACT

The discovery of large DNA viruses has challenged the traditional perception of viral
complexity due to their enormous genome size and physical dimensions. Previously,
viruses were considered small, filterable agents until the discovery of large DNA
viruses. Among large DNA viruses, the phylum Nucleocytoviricota and its members,
which are often called "giant viruses" have large genome sizes (up to 2.5 Mbp) and
virion sizes (up to 1.5 um). Due to having large virion and genome sizes, these viruses
were often excluded from viral surveys and remained understudied for years. Luckily,
the advancement of metagenomic analysis has facilitated the study of large DNA
viruses by analyzing them directly from their environment without cultivating them in the
lab, which could be challenging for viruses. In the first chapter of the thesis, |
investigated 11 metagenome-assembled genomes (MAGSs) of giant viruses previously
surveyed from Station ALOHA in the Pacific Ocean. St. ALOHA is located near Hawaii
and represents oligotrophic gyres which the majority of the ocean is made of them. |
focused on 11 MAGs of giant viruses to get insight into their phylogenetic
characteristics, genomic repertoire, and global distribution patterns. Despite the fact that
metagenomic analysis has facilitated the study of genetic materials of microbes and
viruses on a huge scale, it is essential to benchmark the performance of metagenomic
tools and understand the associated biases, particularly in viral metagenomics. In the
second chapter, | evaluated the performance of metagenomic tools (contigs assembler
and binning tool) in recovering viral genomes using annotated dataset. We used a
metagenome simulator (CAMISIM) to generate simulated short reads with known
composition to assess these processes. Moreover, | emphasized the importance of
binning contigs for viral genomes to fully recover the genomes of viruses along with
discussing how diversity metrics were differed for contigs, bins populations.
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GENERAL AUDIENCE ABSTRACT

Viruses are generally thought to be small biological agents with small genome (genetic
material) sizes and tiny physical structures; for instance, the genome length of a Human
Immunodeficiency Virus (HIV) is around 10 kilobase pair (a unit for measuring genetic
material in an organism), and the virion size (physical dimension of a virus) can go up to
120 nm. The discovery of large DNA viruses has challenged the idea of considering
viruses as small biological entities, as their genome sizes and physical dimensions can
be up to 2.5 megabase pairs and 1500 nm, respectively. Famous members of large
DNA viruses from the phylum Nucleocytoviricota are often known as “Giant Viruses"
because they have enormous genome sizes and physical dimensions. Due to having
large viral particles, these viruses may usually be excluded from viral surveys. For
instance, in field studies, samples must be filtered through a fraction (e.g., 0.2 um) to
eliminate bacterial and archaeal genomes and cellular debris, which also results in
excluding larger viruses. Since these viruses remain understudied for several years
because of biases associated with having large viral particles, there is a solid need to
discover and investigate more about them. Growing and cultivating viruses in the
laboratory may be challenging, as they need specific hosts to be dependent on to
produce more viral progeny and some specific laboratory environments. Luckily, with the
advancement of biotechnology, scientists could find ways to evade the need for
cultivating viruses in the lab and study them with computational tools such as
metagenomic analysis and bioinformatic tools.

Metagenomics analysis helps to study the genetic materials of microbial or viral
populations directly from their habitat without growing them in a laboratory. In short,
metagenomic analysis has multiple steps, including collecting and filtering samples,
fragmenting DNA within the samples, generating short DNA sequences (short-read
sequences) with NGS (Next Generation Sequencing) technology, assembling short-read
sequences into large DNA fragments which can be contigs (contiguous DNA fragments)
and metagenome-assembled genome (MAGs). With metagenomic analysis, we can
recover the genome of multiple organisms, and we name the recovered genome as
metagenome-assembled genome (MAGSs) as it is generated through metagenomic



processes. The metagenomic analysis will allow us to study microbes and viruses in
their environment and gain insight into their taxonomic details, genomic content, and
how widespread they are.

In the first chapter, | studied 11 MAGs of giant viruses previously surveyed from St.
ALOHA, Hawaii. St. ALOHA is a good field site for examining microbial processes and
diversity and a good representative of oligotrophic waters (low in nutrients). | examined
11 MAGs of giant viruses to investigate their taxonomic characteristics to clarify which
order they belong to within their phylum, their genomic content, and their global
distribution pattern. Although studies have successfully recovered the genome of large
DNA viruses from their habitats and then analyzed them, all these metagenomic
processes need to be evaluated so the results will be valid to consider as the genome of
our interested organisms. In the second chapter, | developed a workflow for viral
metagenomic analysis to assess metagenomic tools' performance in recovering reliable
viral genomes, particularly for large DNA viruses. Most of these benchmarking
workflows are done for bacterial and archaeal genomes, and in this thesis, | used these
metagenomic tools and applied them to recover large DNA viruses genomes. Also, |
emphasized the importance of using binning tools to fully recover large DNA viruses
genomes, as due to their large genome size, their genomes might remain fragmented
into different contigs, which are longer sequences than reads but shorter than MAGs.
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Introduction

For many years in traditional microbiology studies, viruses were commonly perceived as
small biological entities with no complex physical and genomic structures [1-4].
However, this perception was challenged upon discovering large DNA viruses, which
unveiled that viruses can have large genomes and physical dimensions comparable to
bacteria and archaea [5,6]. The largest groups of large DNA viruses are eukaryotic
viruses from the phylum Nucleocytoviricota, often referred to as “giant viruses" [7-9],
and a group of bacteriophages referred to as “jumbo bacteriophages" from the class
Caudoviricetes which have redefined the historical definition of viral complexity. The
most notable examples of the phylum Nucleocytoviricota are poxviruses, which include
Variola major, the causative agent of smallpox as well as vaccinia virus, which was used
to make the first vaccines [9—11]. Throughout the 20th century, the diversity of large
DNA viruses in the Nucleocytoviricota continued to expand with the discovery of the
African Swine Fever Virus (ASVF), large viruses that infect green algae of the genus
Chlorella [12,13].

Although many members of the Nucleocytoviricota were discovered throughout the 20th
Century, the discovery of Acanthamoeba polyphaga mimivirus in 2003 is often
considered the first example of a truly “giant” virus due to its remarkable 750 nm virion
and 1.2 Mbp genome [5,14,15]. This was a watershed moment in virology because it
demonstrated that many viruses are large enough to be viewed in a light microscope
and that some even have genomes larger than common free-living bacteria. After
discovering mimivirus, extensive research and cultivation efforts were done with a
particular focus on isolating a wide range of other giant viruses using diverse species of
amoeba as their hosts [16—18]. These endeavors led to the discovery of numerous
additional giant viruses, including some virion sizes reaching 1.5 um (Pithovirus
sibericum) and genome sizes exceeding 2.5 Mbp (Pandoravirus salinus) [16—18].

Isolating novel viruses can present challenges due to their requirements for specific
laboratory culture conditions and growth requirements of the host and the need for a
specific phenotype (i.e., lysis) for viral detection. As a result, many viruses remain
undiscovered using cultivation-based approaches alone. To overcome many of these
obstacles, cultivation-independent approaches have been developed, which include
several methods such as read mapping-based techniques, marker gene surveys,
genome-resolved metagenomics, and single-cell genomics [2—4]. Metagenomic analysis
has been considered one of the most successful methods to recover unknown viral
genomes from environmental samples and reveal their community composition and
genomic repertoires. Although many early metagenomic studies focused primarily on
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bacterial and archaeal diversity, recent work has shown that these approaches are
equally valid for examining viral diversity [19-24].

In the first chapter of the thesis, | examine metagenomic data generated from Station
ALOHA in the Pacific Ocean to investigate the diversity of giant viruses (phylum
Nucleocytoviricota) in this environment. This study aimed to gain insights into the
phylogenetic characteristics, global and seasonal distribution patterns, and genomic
repertoires of giant viruses in the open ocean. Station ALOHA, situated near Hawaii,
was selected because it represents oligotrophic waters typical of those that cover 40%
of the Earth’s surface across the oceanic gyres of the planet. Through this analysis, we
recovered eleven draft genomes of giant viruses, most of which represent novel
lineages that had never been found before. Several of these viruses are globally
distributed, particularly those belonging to Imitervirales and Algavirales orders.
Moreover, in this chapter, | discuss the genomic repertoire of the eleven MAGs of giant
viruses and show the presence of several genes that are commonly known to be found
in cellular lineages (e.g., citrate synthase, aconitase, rhodopsin), which are presumably
used by viruses to manipulate host during viral infection.

While metagenomics analysis has become indispensable for exploring the genetic
material of microbes across diverse environments, from the deep sea to the human gut,
it is essential to evaluate the performance of metagenomics tools and understand the
biases of these approaches. Although several benchmarking studies exist to assess the
efficacy of metagenomics, they are mostly focused on bacterial and archaeal genome
recovery. Therefore, there is a strong need to develop a workflow to benchmark viral
metagenomics, particularly for large DNA viruses. In the second chapter of the thesis, |
evaluated the performance of metagenome-based viral genome recovery using a
metagenome simulator that generates short-read metagenomic datasets of known
composition. | assembled the short reads from these simulated metagenomes into
larger contiguous fragments (“contigs”) and then binned contigs together using
commonly-used tools to generate draft viral genomes. | assess the performance of
contig binning to recover large DNA viruses and provide a workflow for benchmarking
purposes. This work highlights the importance of binning tools to fully recover viral
genomes, particularly for large DNA viruses. These findings are particularly important
given that most current viral metagenomic workflows assess only contigs and do not
perform binning.
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Chapter 1: Diversity and Genomics of Giant Viruses in the North Pacific
Subtropical Gyre

Keywords: Giant Viruses, Nucleocytoviricota, Mesomimiviridae, Prasinoviridae, Station
ALOHA, marine viruses

Abstract

Large double-stranded DNA viruses of the phylum Nucleocytoviricota, often referred to
as “giant viruses”, are ubiquitous members of marine ecosystems that are important
agents of mortality for eukaryotic plankton. Although giant viruses are known to be
prevalent in marine systems, their activities in oligotrophic ocean waters remain unclear.
Oligotrophic gyres constitute the majority of the ocean and assessing viral activities in
these regions is therefore critical for understanding overall marine microbial processes.
In this study, we generated 11 metagenome-assembled genomes (MAGSs) of giant
viruses from samples previously collected from Station ALOHA in the North Pacific
Subtropical Gyre. Phylogenetic analyses revealed that they belong to the orders
Imitervirales (n=6), Algavirales (n=4), and Pimascovirales (n=1). Genome sizes ranged
from ~119-574 kbp, and several of the genomes encoded predicted TCA cycle
components, cytoskeletal proteins, collagen, rhodopsins, and proteins potentially
involved in other cellular processes. Comparison with other marine metagenomes
revealed that several have broad distribution across ocean basins and represent
abundant viral constituents of pelagic surface waters. Our work sheds light on the
diversity of giant viruses present in oligotrophic ocean waters across the globe.

Introduction

Nucleo-cytoplasmic large DNA viruses (NCLDVs, phylum Nucleocytoviricota), also
known as “giant viruses”, are a lineage of eukaryotic viruses that include many animal
and protist pathogens. In addition to several well-known families that infect vertebrates
(e.g. Poxviridae, Asfaviridae, and Iridoviridae), several families in this phylum infect a
variety of algae and other protists (e.g. Phycodnaviridae, Marseilleviridae, and
Mimiviridae) [1-5]. Appreciation of the environmental prevalence of viruses within the
Nucleocytoviricota somewhat lagged behind other viral groups because the large capsid
sizes of many members of this phylum often precluded their recovery in diversity
surveys that focused on particles that could pass through a 0.2 uym filter. Nevertheless,
pioneering studies focusing on marker genes provided early evidence that these large
DNA viruses are widespread in the environment [6-8], and later metagenomic studies
revealed an enormous diversity in this group, particularly in marine environments
[9-14]. Recent estimates suggest that there are at least 32 different families of giant


https://paperpile.com/c/laKGfK/VELan+4BcSo+m4pz3+QebUl+CrfM3
https://paperpile.com/c/laKGfK/w1jdx+UNI6W+8q5zd
https://paperpile.com/c/laKGfK/aTrpO+LDgdU+40MDF+yR9n7+dZfsW+zORk9

viruses that reside in diverse ecosystems across the globe, and more will almost
certainly be identified in the future [15].

Giant viruses have complex and chimeric genomes that are the product of widespread
gene exchange with various cellular lineages [16—18]. Besides the core machinery
involved in virion structure and DNA replication, giant viruses also commonly encode
genes involved in translation, glycolysis, TCA cycle, cytoskeletal dynamics,
light-harvesting, nutrient transport, and other pathways involved in nutrient homeostasis
[9,19]. Rhodopsins are also common in a wide range of marine giant viruses [20-22].
Rhodopsins are light-driven ion pumps that can be involved in energy production and
signal transduction [23,24]. Viral rhodopsins may permit viruses to modify host
phototaxis during infection, which may promote their proliferation [25]. Proteins involved
in cytoskeletal dynamics have also been found to be quite common in a variety of
marine giant viruses; viral homologs to actin, myosin, and kinesin genes could
potentially benefit viruses by manipulating the host's cytoskeleton by using host motor
proteins to traffic virions or maintain the localization of viral machinery during infection
[26—28]. These recent findings collectively suggest that giant viruses use a broad
assortment of functional genes to manipulate host physiology and alter the intracellular
environment to promote virion propagation.

Although giant viruses are globally distributed in a variety of habitats, they appear to be
particularly diverse and abundant in the ocean [9,13,29,30]. The majority of the ocean is
made up of oligotrophic oceanic gyres, and it is therefore of particular interest to
examine viral dynamics in these systems. One field site that has been particularly useful
for examining microbial diversity in oceanic gyres is Station ALOHA (A Long-term
Oligotrophic Habitat Assessment), located at 22°45'N, 158°W, nearly 100 kilometers
north of the Hawaiian island of Oahu [31]. Several recent studies have recently
elucidated a rich diversity of viruses that are present at or near Station ALOHA [32-35].
In this study, we surveyed previously-sequenced metagenomes generated from Station
ALOHA to characterize the diversity of giant viruses in this habitat [36]. Although
metagenomes derived from <0.2 um size fractions are typically used to evaluate viral
diversity in marine systems, recent studies have found that many giant viruses are often
found in larger size fractions along with bacteria and archaea [9,13]. We also analyzed
the encoded functions in the draft giant virus genomes that we recovered to gain insight
into possible mechanisms they employ to manipulate their hosts during infection. Lastly,
by examining publicly-available metagenomes from other marine environments we
examined the distribution and biogeography of these viruses on a global scale. Because
of Station ALOHA's location in the North Pacific Subtropical Gyre, examination of giant
viruses found here provides a window into those lineages that are likely broadly


https://paperpile.com/c/laKGfK/Ckqrl
https://paperpile.com/c/laKGfK/FBhMs+MjPok+3zBVy
https://paperpile.com/c/laKGfK/aTrpO+o36Zl
https://paperpile.com/c/laKGfK/ZrpVG+dCjew+BTNoI
https://paperpile.com/c/laKGfK/sSMh6+aEQ3a
https://paperpile.com/c/laKGfK/NXPuB
https://paperpile.com/c/laKGfK/eb7lO+FQkfY+fFslB
https://paperpile.com/c/laKGfK/7K9hP+0zc3e+dZfsW+aTrpO
https://paperpile.com/c/laKGfK/RkvFS
https://paperpile.com/c/laKGfK/ZOJU2+udneb+XHbrY+DBXbo
https://paperpile.com/c/laKGfK/ZQOoM
https://paperpile.com/c/laKGfK/dZfsW+aTrpO

distributed in oligotrophic ocean waters and may play important roles in marine
ecological dynamics.

Methods

Metagenomes Used

We analyzed metagenomes that were generated in a previous study [36]. This dataset
consists of 107 samples from depths ranging from 25m to 1000m that were collected
over a 1.5 year sampling period at Station ALOHA on 11 cruises of the Hawaii Ocean
Time-series (HOT). The methods used for sample collection and processing have been
previously described [36]. Briefly, water was filtered onto 0.2 um filters, and after DNA
extraction, libraries were created with Illumina TruSeq LT Nano kit, and metagenomes
were sequenced using lllumina MiSeq and NextSeq 500 systems.

Generation of Metagenome-Assembled Genomes (MAGs)

MAGs were generated using a workflow developed previously [37]. Briefly,
metagenomes were assembled with MegaHit v. 1.2.9 (with parameters --min-contig-len
5000), and contigs were subsequently binned using MetaBat2 v. 2.12.1 (with
parameters -s 100000, -m 10000, —minS 75, —_-maxEdges 75) [38]. All bins were
analyzed with ViralRecall v. 2.0 to identify those that corresponded to giant viruses, and
only those that contained 4 of 5 NCLDV marker genes were retained. The marker genes
used for this were the A32-like ATPase (A32), B-family DNA polymerase (PolB), virus
late transcription factor 3 (VLTF3), major capsid protein (MCP), and superfamily |l

helicase (SFIl). This resulted in 11 NCLDV bins ranging in size from 119,690 to 574,081
bp (Table 1). Genome statistics were compiled with SeqgKit v. 2.2.0 [39], and we
predicted proteins using Prodigal v. 2.6.3 [40] with default parameters (Table 1).

Phylogenetic construction

In order to explore the phylogenetic placement of the reconstructed MAGs, we used the
protein predictions of the 11 MAGs generated in this study together with proteins from
all reference giant viruses that have previously been compiled in the Giant Virus
Database [15]. Subsequently, we used the program ncldv_markersearch to generate a
concatenated alignment of 7 marker genes, as previously described
(https://github.com/faylward/ncldv_markersearch) [15]. Briefly, this tool use HMMERS3 to
identify 7 conserved marker genes (superfamily Il helicase (SFIl), virus-like transcription
factor (VLTF3), B-family DNA polymerase (PolB), and A32-like ATPase (A32), a
DNA-dependant RNA polymerase (RNAP) subunit, transcription elongation factor [I-S
(TFIIS), and a family Il topoisomerase), and then uses Clustal Omega v1.2.4 to produce
multi-sequence alignments, which are then concatenated. Proteins that are absent in a
MAG are replaced with a series of X characters in the concatenated alignment. We then
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generated a maximum-likelihood phylogenetic tree using IQ-TREE v. 1.6.12 with 1000
ultrafast bootstraps (parameters -m LG+F+1+G4 -bb 1000 -wbt -nt AUTO --runs 3)
[41,42]. The tree was visualized in the interactive Tree of Life (iTOL) [43]; (Fig. 1).

Average nucleotide and amino acid identity

In order to assess divergence from reference genomes, we calculated one-way average
amino acid identity (AAl) and average nucleotide identity (ANI) of the 11 MAGs against
all genomes in the Giant Virus Database. Both comparisons were done with LAST v.
959, and results were parsed with a custom Python script. Results are shown in Data
Set S1[44].

Sequence similarity search and protein annotation

To perform sequence homology searches, we used LAST v. 959 (parameters -m 5000,
-f BlastTab, -P 32, -u 2, -Q 0)to compare all protein predictions against a protein
database that included RefSeq 207 as well as all protein predictions in the Giant Virus
Database [15,45]. We indicated the sequence similarities between 11 MAGs and
multiple organisms (bacteria, eukaryotes, viruses, and others) together with those which
have no hits (Fig. 2a). Moreover, we retained all the best hits to viruses and searched
for homology between MAGs and different viral orders and families (Fig. 2b).
Subsequently, plots to visualize the results were made with ggplot2 v. 3.3.6 in R
software [46] (Fig. 2) and the final results of the sequence similarity search are
accessible in Data Set S2. For protein functional prediction, we annotated all predicted
proteins in each genome by searching them against the Pfam database v. 34 [47] using
HMMERS v. 3.3 (parameter “—cut_nc”) with all hits retained. These annotations are
available in Data Set S3. Protein annotations were manually inspected to detect the
presence of genes involved in central carbon metabolism, DNA processing, light
harvesting, amino acid metabolism, cytoskeleton dynamics, and other functions of
interest.

Read-mapping analysis

We examined the distribution of our 11 MAGs by mapping the reads from other marine
metagenomes onto them using coverM 0.6.1 (parameters --min-read-percent-identity
0.95, minimum 20% covered fraction; available from
(https://github.com/wwood/CoverM). We used a breadth cutoff of 20% (i.e. 20% covered
fraction), consistent with a recent study that used read-mapping to determine the
distribution of large bacteriophages [48]. We used the metagenomic datasets
corresponding to the GA02, GA03, GP13, and GA10 cruises from the bioGEOTRACES
dataset [49]. These metagenomes were sequenced from 480 samples collected during
2010-2011 from 91 stations. The location and the sampling date of each of the transects
are as follows: GAO2 (from North to South Atlantic, May 2010 - March 2011), GA03
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(North Atlantic, October 2010 - December 2011), GA10 (South Atlantic, October 2010 -
November 2010), GP13 (South Pacific Ocean, May 2011 - June 2011). In addition, we
evaluated the distribution of 11 MAGs in St. ALOHA across different depths (0-1000m)
and across a 1.5-year time series at that location to evaluate their depth distribution and
seasonal abundance in this oligotrophic ecosystem. The Hawaii Ocean Time-series
(HOT) metagenomes were previously generated [36] during approximate monthly
sampling periods from August 2010 to December 2011 at St. ALOHA. Reads from these
metagenomes were mapped onto the 11 MAGs using the same coverM parameters as
described above. For visualization, we used R and R-based tools (v. 3.3.2;
https://www.R-project.org) to draw world map plots and Ocean Data View software (v.
4.7.10; http://odv.awi.de) for contour and Hawaii Ocean Time-series (HOT) plots. Depth
distribution was interpolated in Ocean Data View in the DIVA gridding mode. The raw
read mapping statistics of 11 MAGs on a global scale and in Station ALOHA are
available in Data Set S4 and Data Set S5, respectively.

Results and discussion

Phylogenetic analysis of the Giant Virus MAGs

Based on our multi-locus phylogenetic analysis, four of the MAGs can be placed within
the order Algavirales (HOT_MAGs 4, 14, 20, and 30), six could be assigned to the
Imitervirales (HOT_MAGs 3, 5, 60, 12, 13, and 10), and one could be placed in the
Pimascovirales (HOT_MAG 22) (Fig. 1). Among the MAGs that fall within the
Algavirales, MAGs 14, 30, and 20 belong to the family Prasinoviridae [AG_01] and the
same genus-level group (g177); (Table 1). Viruses in this family are known to infect
prasinophytes of the genera Bathycoccus, Micromonas, and Ostreococcus [50].
Prasinophytes are picoeukaryotic algae that are broadly distributed in the ocean [51,52].
Prasinoviruses are correspondingly abundant in marine waters and play a crucial role in
regulating the populations of their plankton hosts [53]. Cultivated representatives of
these viruses have genome sizes ranging from 184 to 198 kbp and %GC contents from
37% to 45%. This is generally consistent with the prasinovirus MAGs that we recovered
here, which range in size from ~120-172 kbp and in %GC content from 33.8-37.5%
(Table 1). The somewhat smaller size of HOT_MAGs 14 and 20 is potentially an
indication that these genomes are not complete, though it may also be a sign of
genome reduction compared to their relatives. The last MAG that could be placed within
the Algavirales, HOT_MAG 4, clustered within the family-level lineage AG_04 and the
genus g175, both of which were recently demarcated [15]; (Fig. 1 & Table 1). The sole
cultivated representative of this lineage is Heterosigma akashiwo virus (HaV), which
infects the eponymous raphidophyte that is responsible for causing harmful algal
blooms [54]. Although raphidophytes are commonly associated with algal blooms in
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coastal waters, they have also been reported in oligotrophic gyres [55], and it is,
therefore, possible that the host of this MAG lies within this group.

Of the six Imitervirales MAGs, three fall within the proposed Mesomimiviridae family
(IM_01: HOT_MAGs 10, 12, 13); (Fig. 1 & Table 1). HOT_MAGs 10 and 13 are
clustered within the same genus g342 while HOT_MAG12 falls within the genus g336;
(Table 1). Members of the Mesomimiviridae are particularly widespread in global marine
and freshwater environments, and phylogenomic analysis suggests that roughly half of
all currently available MAGs can be placed in this group [15]. The size of these MAGs
ranges from 380-430 kbp (Table 1), which is consistent with those of cultivated viruses
in this family that infect haptophyte hosts of the

genera Chrysochromulina and Phaeocystis [56]. Phaeocystis globosa virus 16T
(PgV-16T) is one of the most well-studied members of this family; it has a 150 nm
diameter icosahedral virion with a 470 kbp genome size, which is comparable to the
related viruses that infect Chrysochromulina ericina virus C. parva [56,57].

The last three Imitervirales MAGs clustered within the recently demarcated family IM_09
(Fig. 1 & Table 1), which contains Aureococcus anophagefferens virus (AaV) and
Prymnesium kappa virus (PkV). AaV is the smallest member of the Imitervirales isolated
to date, with a genome size of 371 kbp and a virion diameter of 140 nm [58,59]. In
contrast to this, PkV is rather large, with a 1.4 Mbp genome and a ~310 nm diameter
virion [60,61], underscoring the large range of genome and virion sizes within this
group. HOT_MAGs 3 and 5 fall within the same genus g279 while HOT_MAG 60
clustered within genus g274. The three MAGs that fall within this group have genome
sizes ranging from 470 to 575 kbp (Table 1), which is larger than AaV but quite a bit
smaller than PkV, suggesting that they represent intermediate-sized members of this
lineage.

The only MAG that clustered within the Pimascovirales is HOT_MAG 22, which falls
within the recently demarcated family-level lineage PM_01; (Fig. 1 & Table 1).
Interestingly, HOT_MAG 22 falls outside of previously demarcated genus-level groups
and had low AAI to any references (highest match of 40% AAI to
GVMAG-M-3300023184-117, Data Set S1), suggesting that this MAG represents a new
genus-level group. The order Pimascovirales includes several lineages that infect
amoeba, such as Pithoviruses and Marseilleviruses, as well as other viruses that infect
metazoan hosts ranging from insects to fish and frogs, such as the
Iridoviridae/Ascoviridae. Pimascoviruses are not commonly viewed as widespread
marine viruses, although, in the previous studies, other MAGs that fall within the PM_01
group have also been found in marine environments [15], and in some cases have been
found to be transcriptionally active [26]. One study also reported several Pimascovirus
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MAGs from deep sea sediments, including one with phylogenetic placement near the
Marseilleviruses and a notably large genome (>700 kbp) [11]. The prevalence of these
viruses in marine metagenomes suggests that they infect as-yet unknown protist hosts,
and further research identifying their host range will be a necessary step towards
clarifying the ecological impacts of marine pimascoviruses.

The phylogenetic placements of the 11 reconstructed MAGs are in agreement with the
result from the homology search results of all proteins encoded by each MAG. Proteins
in each MAG had best matches to viruses in the same order in which they were
classified in the phylogeny (Fig. 2). The only possible exception is the Pimascovirales
MAG (HOT_MAG 22) which had a larger proportion of proteins with no known homologs
or hits to the Imitervirales. This may be due to the relatively poor representation of
marine Pimascovirales, together with the large number of Imitervirales in our reference
genome databases.

Environmental distribution of the giant virus MAGs

Previous studies have shown that the proposed Mesomimiviridae family is particularly
prevalent in aquatic systems [15,57,62]. Consistent with this, we found that the three
MAGs that fall within this clade were particularly widespread in the marine
metagenomes that we surveyed here (HOT_MAGs 12, 13, and 10; Fig. 3). HOT_MAGs
12, 13, and 10 were found in 12, 8, and 2 bioGEOTRACES sample locations,
respectively. HOT_MAG 3, which can be classified into the family-level group IM_09,
was detected in 15 distinct locations and is the most broadly distributed of the MAGs
that fall within the Imitervirales MAGs. HOT_MAGs 20 and 30, which fall within the
Prasinoviridae family, were the most abundant MAGs in the bioGEOTRACES datasets
(Fig. 3). HOT_MAGs 20 and 30 were also quite widespread, occurring in 23 and 30
distinct locations, respectively. The third prasinovirus (HOT_MAG 14), and the other
MAG that places within the Algavirales (HOT_MAG4, family AG_04) were each found in
only 3 sample sites within the Atlantic Ocean (Fig. 3). It is worth noting that HOT_MAGs
60 and 22 were not found in any reference bioGEOTRACES metagenomic dataset.
HOT_MAGG60 can be placed within the order Imitervirales (family IM_09) while
HOT_MAG22 is the only member of the Pimascovirales we identified. This suggests
that these viruses are either quite rare or typically found in low relative abundances and
cannot be readily detected with metagenomic methods. Although these HOT_MAGs
could only be detected at Station ALOHA, it seems unlikely that they are endemic to this
region given that the prevailing conditions at this station are representative of
widespread oligotrophic waters.
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We examined the bioGEOTRACES GAO02 transect in more detail because it traverses
the north and south Atlantic and therefore allows for examination of trends in viral
abundance across both latitude and depth (Fig. 4). Many of the MAGs that fall within the
Imitervirales were mostly concentrated in oligotrophic surface waters (above 100m),
consistent with their initial identification at Station ALOHA. These MAGs were identified
across a wide range of latitudes; while HOT_MAG3 showed the highest prevalence
near the equator, HOT_MAGs 10, 12, and 13 could be detected at latitudes near 40
degrees. Among the MAGs within the Algavirales, we detected only the three
Prasinoviridae MAGs in the GA02 transect metagenomes. Two of these HOT_MAGs
(20 and 30) showed high abundance both in equatorial waters as well as high northern
latitudes (Fig. 4). In equatorial waters all prasinovirus MAGs were found in waters above
100m, but in the north Atlantic HOT_MAGs 20 and 30 could be found in waters near
200m, possibly due to sinking water masses in this area (i.e. overturning circulation).

Lastly, in order to evaluate temporal trends in viral abundance, we also examined the
presence of the MAGs across a 1.5 year time-series at Station ALOHA from August
2010 to December 2011, which encompasses the same metagenomes used to
generate these MAGs (Fig. 5 & Fig. 6). Here the Algavirales MAGs seem to be more
prevalent than the Imitervirales MAGs during the sampling period from St. ALOHA.
Among those MAGs that fall within the family Mesomimiviridae, all are present in
surface waters (above 100m), and HOT_MAG12 was prevalent throughout almost the
entire 1.5 year sampling period (Fig. 5). Within Agavirales MAGs, two members of the
family Prasinoviridae (HOT_MAGs 20, 30) have almost the same pattern of their
distribution and more likely to be present during August and September, while
HOT_MAG14 is abundant in greater depths (100-500m) and prevalent in almost all
seasons except for spring. HOT_MAG4, another Agavirales MAG, also has the same
distribution trend as HOT_MAGs (20, 30), however, this MAG is highly abundant during
November and December (Fig. 6). Overall, all of the MAGs within the Algavirales were
prevalent in the 125m samples, which was just below the DCM for the majority of cases.
HOT_MAG30, HOT_MAG20 and HOT_MAG4 were found most frequently at 125m,
while HOT_MAG14 was also prevalent in several 200m samples; (Fig. 6). This
transition below the DCM is consistent with the large-scale microbial community
turnover that occurs in this region at Station ALOHA [36]. The only Pimascovirales MAG
(HOT_MAGZ22), is distributed in shallow depths (0-100m) and is highly concentrated
between December and January (Fig. 6).

The genomic repertoire encoded in the 11 MAGs

Giant viruses have complex genomes that encode various genes that are not commonly
found in viral lineages, including components of central carbon metabolism and
translation-associated proteins. As expected, we found giant viruses core genes
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involved in DNA replication, transcription, and virion structure (Fig. 7). We did not find
RNAP subunits in the prasinovirus MAGs, consistent with previous studies showing that
this lineage lacks this enzyme [51]; (Fig. 7). The absence of RNAP subunits suggests
that these viruses have a nuclear stage to their infection in which host RNAP is used for
viral gene expression.

Asparagine synthase genes were identified among the Imitervirales MAGs, in particular
among those members of the Mesomimiviridae (Fig. 7). This enzyme was previously
identified in Phaeocystis globosa virus, though it remains unclear what role it may play
during infection [62]. Collagen encoded genes were only found in Imitervirales MAGs
belonging to the family IM_09, suggesting that these proteins may be a part of the
structure of the virions of these viruses. Among the genes involved in DNA processing,
chaperones from the heat shock protein families (HSP70, HSP90) which are
presumably used for capsid protein folding [63], DNA mismatch repair (MutS), and
histone acetyltransferase known to be functional for packaging DNA within the capsid
[63,64], were mostly frequent among Imitervilares and Pimascovirales MAGs but were
mostly absent from the Algavirales MAGs (Fig. 7).

Many of the MAGs encode multiple genes involved in central carbon metabolism, such
as aldolase, 1-Deoxy-D-xylulose 5-phosphate synthase (DXP synthase), malate
synthase, aconitase, and citrate synthase. Our findings indicate genes that belong to
central carbon metabolism are mostly detected in Mesomimiviridae MAGs, notably
those that are predicted to be involved in TCA (citrate synthase and aconitase); (Fig. 7).
Interestingly, malate synthase and DXP synthase were found in Pimascovirales MAG
and Algavirales MAG, respectively. Previous work has shown that enzymes involved in
central carbon metabolism are quite common in many giant viruses [9], and our results
here are consistent with those findings.

Previous studies have shown that rhodopsins and chlorophyll-binding proteins are quite
common in a wide range of marine giant viruses [9,20-22]. Consistent with this, we
found chlorophyll binding proteins in all three mesomimiviruses, and rhodopsin
homologs in two (HOT_MAGs 10 and 13); (Fig. 7). This suggests that these viruses
likely infect phototrophic or mixotrophic hosts and manipulate light harvesting machinery
during infection. All mesomimivirus MAGs were detected in shallow waters at Station
ALOHA, consistent with the prevalence of their hosts in well-lit surface waters.
Interestingly, we detected three rhodopsin homologs in HOT_MAG10; it is unclear what
role these three enzymes would play during infection, but the presence of three distinct
homologs suggests that they are an important component of the infection strategy of
many marine giant viruses.
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Conclusion

Our study sheds light on the phylogenetic diversity, genomics, and distribution of giant
viruses in oligotrophic marine waters. We present 11 MAGs of giant viruses that we
reconstructed from metagenomes generated from Station ALOHA in the North Pacific
Subtropical Gyre. These MAGs fall within five families in the orders Imitervirales,
Algavirales, and Pimascovirales. Those MAGs that fall within the Prasinoviridae and
Mesomimiviridae families are the most widespread and abundant, and several of these
MAGs were detected in diverse bioGEOTRACES metagenomes that were collected in
different ocean basins. Several of the MAGs were found consistently at Station ALOHA
over a 1.5 year period, suggesting they are persistent community members in
oligotrophic waters. The MAGs encoded a diverse range of functions, including genes
involved in central carbon metabolism and light harvesting, suggesting that they use a
variety of strategies to manipulate the physiology of their hosts during infection. Our
work contributes to a growing body of research that suggests that large DNA viruses are
abundant and widespread components of marine systems that play key roles in
ecological dynamics and biogeochemical cycling.
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Figure 1. Multi-locus phylogenetic tree of the 11 MAGs together with 1,381
reference genomes from the Giant Virus Database. The phylogenetic tree was
constructed using 7 maker genes that are highly conserved in giant viruses (see
Methods for details). According to the constructed phylogenetic tree, HOT _MAG22
belongs to the order Pimascovirales [PM_01]. HOT_MAG4 [AG_04], HOT_MAG14
[AG_01], HOT _MAG20 [AG_01] and HOT_MAG30 [AG_01] clustered within the order
Algavirales. The rest of the MAGs, HOT_MAG3 [IM_09], HOT_MAGS [IM_09],
HOT_MAGG60 [IM_09], HOT_MAG12 [IM_01], HOT_MAG13 [IM_01] and HOT_MAG10
[IM_01] belong the order Imitervirales.
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Figure 2. Best matches of predicted proteins identified in each HOT MAG. The
results are based on a LAST-based homology search, with best hits retained (see

Methods for details).
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Figure 3. Environmental distribution of the HOT MAGs based on read-mapping of
bioGEOTRACES metagenomes. HOT_MAGs (22,60) are not shown as they were not
identified in bioGEOTRACES metagenomic dataset. HOT_MAGS is not presented as it
is closely related to HOT_MAGS3 and its abundance is nearly the same as HOT_MAGS3.

Bubbles indicate the global distribution of the MAGs which was calculated based on
RPKM. Moreover, the abundance of the MAGs in distinct sites with same latitude and
longitude are reported in parenthesis; HOT_MAG3 (15), HOT_MAG12 (12),
HOT_MAG13 (8), HOT_MAG10 (2), HOT_MAG30 (23), HOT_MAG20 (30),
HOT_MAG14 (3), and HOT_MAG4 (3).
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Figure 4. Environmental distribution of the HOT MAGs across a depth profile of
the GAO02 transect (North Atlantic to South Atlantic). The contour plots were drawn
based on the results from mapping GA02 metagenome dataset onto the 11 MAGs (see
methods for details). Total abundance of the MAGs were calculated based on RPKM.
Y-axis and x-axis represent depths(m) and latitudes, respectively and the colorful bar
refers to the log of total abundance (RPKM) for each of the MAGs (high abundance =
red and low abundance = purple). HOT_MAGs (22, 4, 60) are not shown as they were
not found in the GA02 metagenomic dataset. HOT_MAGS is also not presented as it is
closely related to HOT_MAGS3 and its abundance is almost the same as HOT_MAGS3.
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Figure 5. Distribution of 11 MAGs in the order Imitervirales in a 1.5-year sampling
from St. ALOHA. Time series plots were drawn based on the results from mapping
Hawaiian Ocean Time series metagenome dataset onto the 11 MAGs (see methods for
details). Total abundance of the MAGs were calculated based on RPKM. Y-axis and
x-axis represent depths(m) and latitudes, respectively and the colorful bar refers to the
log of total abundance (RPKM) for each of the MAGs (high abundance = red and low
abundance = purple). Only the distribution of the MAGs between 0-600m were shown in
the plots.
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Figure 6. Distribution of 11 MAGs in the orders Algavirales and Pimascovirales in
a 1.5-year sampling from St. ALOHA. Time series plots were drawn based on the
results from mapping Hawaiian Ocean Time series metagenome dataset onto the 11
MAGs (see methods for details). Total abundance of the MAGs were calculated based
on RPKM. Y-axis and x-axis represent depths(m) and latitudes, respectively and the
colorful bar refers to the log of total abundance (RPKM) for each of the MAGs (high
abundance = red and low abundance = purple). Only the distribution of the MAGs
between 0-600m were shown in the plots.
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Figure 7. Distribution of selected genes within 11 MAGs of giant viruses.

The x axis indicates the 11 MAGs of giant viruses together with the viral families and
orders that they belong to. The size of the bubbles indicate the total abundance of the
genes within the genomes of 11 MAGs. The abbreviations of the encoded genes are as
follows: MutS: [mismatch DNA repair], RNAP: [DNA-dependent RNA polymerase Large
and Small subunits], SFIl: [superfamily Il helicase], TFIIB: [transcription factor 1I1B], A32:
[A32 ATPase], VLTF: [viral late transcription factor 3], MCP: [major capsid protein], DXP
synthase: [1-Deoxy-D-xylulose 5-phosphate synthase].
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Table 1. General characteristics of 11 metagenome_assembeled genomes (MAGSs) of
giant viruses generated from St. ALOHA.

Genome Genome Length | GC Content % | Num of protein coding genes Order Family | Genus

HOT_MAG4 122,808 38.47 164 Algavirales AG_04 g175
HOT_MAG14 147,238 37.49 200 Algavirales AG_01 gl177
HOT_MAG30 171,883 34.21 260 Algavirales AG_01 g177
HOT_MAG20 119,690 33.82 174 Algavirales AG_01 g177
HOT_MAG12 386,441 33.29 412 Imitervirales IM_01 g336
HOT_MAG13 433,885 32.35 475 Imitervirales IM_01 g342
HOT_MAG10 426,436 29.37 491 Imitervirales IM_01 g342
HOT_MAG3 574,081 31.33 559 Imitervirales IM_09 g279
HOT_MAGS5 477,804 30.13 484 Imitervirales IM_09 g279
HOT_MAG60 489,708 24.69 541 Imitervirales IM_09 g274
HOT_MAG22 471,006 34.86 484 Pimascovirales | PM_01 NA
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Chapter 2: Benchmarking metagenomic approaches for recovering large DNA
viruses

Abstract

Metagenomics has transformed our understanding of the microbial world and led to the
discovery of many previously unknown microbial lineages. Viral metagenomics in
particular, has allowed for the identification of viruses that have remained elusive due to
the challenges of laboratory cultivation. To date most viral metagenomic studies focus
on the analysis of individual sequenced contigs that are produced through short-read
assembly programs. However, it has recently become clear that many viral genomes, in
particular those belonging to large DNA viruses, are highly fragmented in metagenome
assemblies. Due to this complication, it is often necessary to bin multiple contigs
together to recover draft viral genomes rather than relying on single-contig analyses
alone. This study highlights the importance of binning approaches in viral
metagenomics, particularly for recovering large DNA virus genomes, and emphasizes
on the need for developing benchmarking workflows for viral metagenomics by
investigating the correlation between assemblies completeness and viral genome size
and their coverage depth. Moreover, biodiversity metrics (Shannon diversity, evenness,
and richness) were evaluated for contigs, bins and genomes populations of each
sample, and biodiversity metrics of contigs and bins populations were compared against
the true Shannon diversity, evenness and richness.

Keywords: Large DNA viruses, Viral metagenomics, CAMISIM, metaBAT2, Shannon
diversity, evenness, richness

Introduction

Over the past years, studies have underscored the importance of large DNA viruses in
the ocean and their role as major regulators in marine environments. It has indicated
that large DNA viruses are involved in many crucial processes, such as biogeochemical
cycling, nutrient cycling, termination of algal blooms, host evolution, and gene exchange
[1,2]. Despite their crucial role in aquatic ecosystems, little is known about the
characteristics of these viruses due to the few cultivated microbial hosts and the
difficulties associated with cultivating them in the lab [3]. Metagenomic analysis has
addressed this issue by allowing researchers to examine microbial diversity and
genomics without needing cultivation methods [4,5].

Metagenomics is a powerful tool for evaluating microbial diversity in the environment. A
major advance in the last ~15 years has been the ability to reconstruct draft genomes of
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microbes from environmental samples through direct short-read shotgun sequencing. In
a typical metagenomic analysis, samples are collected from an environment (e.g., soil,
water, human gut), and then DNA is extracted. Extracted DNA is fragmented and
sequenced with NGS technology to create a library consisting of short-read sequences.
Lastly, short-read assemblers combine reads and form contigs. Subsequently, contigs
with similar base composition and coverage will be clustered to generate bins.

Given the widespread distribution of large DNA viruses, such as jumbo phages and
giant viruses, limited methods have been developed for isolating and examining the
diversity of these viruses [2,6—8]. Traditionally, viruses were considered small biological
agents [9], and the discovery of large DNA viruses has challenged this conventional
view of viral complexity. Due to potential biases and difficulties associated with
cultivating large DNA viruses in laboratory settings [3,10,11], bioinformatic and
metagenomic analysis can facilitate understanding these viruses [12].

With metagenomics analysis, several studies have been able to recover genomes of
large DNA viruses from their habitats, and they often assemble up to a contig or scaffold
level. This approach might be efficient for smaller viral genomes, while the genomes of
large DNA viruses might remain fragmented in contigs and not fully recovered. Genome
recovery is often accomplished at a binning level for bacterial and archeal genomes,
where contigs or scaffolds are assembled into bins or metagenome-assembled
genomes (MAGs) [13]. Previous studies have proven that a similar approach, using a
binning tool, can obtain complete genomes of large DNA viruses [6,8,14,15].

While binning tools have proven successful in recovering viral genomes, standardized
methods for benchmarking viral metagenomics and evaluating the performance of
binning tools are still lacking. Existing benchmarking methods primarily rely on
algorithms to detect mis assemblies and calculate genome completeness within
bins.These methods have predominantly focused on bacterial and archaeal genomes,
therefore, there is a strong need to develop efficient software or workflows to
benchmark viral metagenomics and assess binning processes. There are complications
associated with binning tools and not only viral genomes, but also bacterial and archeal
genomes might be negatively affected in terms of being correctly recovered during
metagenomics analysis. For instance, in the binning process bins may contain genome
fragments from other organisms, which is known as mis-binning [16]. It is worth noting
that the risk of mis-binning is amplified when the length of contigs or scaffolds is small
(e.g., < 5kp), as these are often considered unreliable fragments or noise in
metagenomic analysis [16]. Moreover, in the field of metagenomics for bacterial, archeal
and viral genomes, one of the main challenges is that microbial genomes are often low
complex and the presence of repeated sequences can highly affect the efficiency of the
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assemblers. In this study, we particularly focus on viral genomes and viral
metagenomics. We aim to employ contigs of sufficient length to minimize mis-binning
and evaluate the quality of our bins based on their completeness within their reference
genome and their contamination rate.

Research objectives

In this study, we aim to develop a workflow for benchmarking viral metagenomic
analysis, particularly for large DNA viruses (>200 kp genome length). Our goal is to
evaluate the performance of the current binning tools in recovering complete genomes
and develop best practices for this research. For benchmarking purposes, there are
several computational and laboratory-based approaches. For example, a previous study
proposed a workflow that added spiked particles of a large DNA virus (Fadolivirus) into
a wastewater sample and assessed the performance of multiple binning tools [17]. As a
result, They could recover an almost complete length of the Fadolivirus genome.
Despite their success in regenerating a full-length viral genome, their analysis
encountered some challenges. Depending on different binning tools, some contigs with
lengths from 15 kb to 351 kb were wrongly assigned to the Fadovirus reference
genome, which highlights the limitations and challenges regarding the performance of
binning tools and metagenomic analysis as a whole [16,17]. In general,
laboratory-based benchmarking workflows can be time-consuming and challenging to
evaluate a broad scale of metagenomic samples [18-21].

To avoid the need for laboratory experiments, we aim to use metagenome simulators to
generate realistic mock community datasets from microbial genomes with known
compositions [22,23]. Employing an annotated benchmark dataset will allow us to
understand the metagenome content better and benchmark the underlying dataset in a
relatively short time. Also, having an annotated benchmark dataset allows us to know
the exact viral composition in the samples and thus the performance of the assembly
and binning tools can be precisely evaluated.

We examined the performance of metaBAT2 [24] as a binning tool for this analysis.
Based on previous findings [8,14], metaBAT2 is effective at binning viral contigs. This
tool bins contigs together if they have similar nucleotide composition (assessed through
calculation of tetranucleotide frequencies (TNFs)) and sequence coverage (a proxy for
relative abundance). Although metaBAT2 was developed for recovering bacterial and
archaeal genomes, binning based on nucleotide composition and sequence coverage
would be expected to be equally effective for viral genomes.
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Methods

Used dataset

We used a publicly available database called INPHARED (INfrastructure for a PHAge
REference Database), which contains a large set of complete bacteriophage genomes
[25]. It is worth noting that we did not use giant viruses genomes as they have more
complex genomes and in fact, INPHARED dataset contains the most up to date
bacteriophage sequences (viral genomes) which makes it a beneficial dataset to be
used for bioinformatic analysis and in viral metagenomics. Briefly, INPHARED contains
14,244 genomes with genome sizes ranging from 3.1 to 624.4 kp [25]. In addition, 2.2%
of the INPHARED database consists of jumbo bacteriophages, which are known to
have genomes larger than 200 kbp [26].

Metagenome simulation

CAMISIM (Critical Assessment of Metagenome Interpretation) used the INPHARED
dataset as an input to generate 1GB of simulated paired-end reads for each sample. A
total of 7 samples were produced with different sets of log sigma values; table 1 [23,27].
The relative abundance of reads in each sample was derived from a log-normal
distribution where log mu is set to 1 and standard deviation (log sigma) was different for
each sample. By utilizing CAMISIM, we can provide simulated reads from viral
communities with known composition, which enable us to benchmark bioinformatic
methods in recovering viral genomes.

Read assembly

The de novo assembly of short reads is an essential component of any viral
metagenomic analysis [28—-34]. We used metaSPAdes [35], a variant of SPAdes
assembly known to be efficient for metagenomics, with default parameters to assemble
the simulated reads to create contigs. MetaSPAdes platform uses de Bruijn graphs to
solve challenges regarding microdiversity or the presence of multiple strains and
unequal sequence coverage [35-37].

Binning contigs

For binning contigs, metaBAT?2 [24] requires a depth of coverage between generated
contigs and the reference genomes; therefore, we used coverM contig v. 0.6.1, with
metabat option, and mapped back the contigs onto the reference genome and retained
those with more than 95% coverage. Subsequently, metaBAT2 [24] (parameters -s
10000 -m 5000 --minS 75 --maxEdges 75 --unbinned) was used to cluster similar
contigs to form bins based on TNF (tetranucleotide frequency) and sequence coverage
which are consistent among viral genomes. MetaBAT2 collected bins and contigs larger
than 10000 bp and 5000bp, respectively.
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Biodiversity metrics calculation (Shannon/alpha diversity, richness, and
evenness)

To assess the quality of the bins and the efficiency of the binning tool across our
simulated samples with diverse standard deviations (log sigma), it is crucial to compute
biodiversity metrics (Shannon/alpha diversity, richness, and evenness) for both contigs
and bins in each sample. We mapped contigs and bins of each sample on their original
reads with coverm (coverm genome/contig -m covered_fraction rpkm
--min-covered-fraction 20) and retained those that are longer than 5kp (contigs) and
10kp (bins) and have more than 20% coverage. Subsequently, we calculated
biodiversity metrics (Shannon/alpha diversity, evenness, and richness) in R studio with
the “vegan” package [38] and plotted them against each other in base R; table 2, figure
1.

Additionally, CAMISIM provides the relative abundance of each genome in a given
sample. Therefore, we calculated the biodiversity metrics using CAMISIM-generated
datasets to get the true values of each of these metrics and then compared them with
biodiversity metrics of bins and contigs; table 3, figure 1.

Quality assessment of bins

To have more insight into the assemblies' lengths and be able to compare them to their
reference genome, MetaQUAST is a tool that we used to check the quality of our bins.
MetaQUAST is an updated version of QUAST, and it provides general statistics of our
bins and it examines the assignment of each assemblies to its reference genome.
MetaQUAST output files contain a comprehensive assembly report, including general
statistics of aligned assemblies, a comparison of all assemblies, and metrics
information. In order to detect good quality bins, we calculated the completeness and
contamination of each bin in a given sample.
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Results and discussion

Binning is essential to get an accurate view of viral diversity

In accordance with previous study, the retrieval of the genetic material of large DNA
viruses (e.g., giant viruses and jumbo bacteriophages) can be challenging due to their
large genome size and it necessitates the implementation of binning approaches to fully
or almost fully recover their genomes [13]. Without a binning step, their genomes will
often remain fragmented into different contigs.

For benchmarking purposes, we used metagenome simulated short reads generated by
CAMISIM and compiled the simulated reads in 7 individual samples. MetaSPAdes and
metaBAT2 were used as the contig assembler and the binning tool, respectively.
Results have shown that all of the samples contain bins with multiple contigs, ranging
from ~60% (sample 1) to 9% (sample 7); table 1. These results point out the crucial role
of binning steps to recover the genomes of large DNA viruses in metagenomics studies.

Bin quality assessment
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Calculating Shannon diversity (alpha diversity) for bins and contigs
Metagenomics is a valuable tool for assessing the diversity of viruses in a particular
environment, but evaluating the diversity of a community in an unbiased way has
always been challenging [39]. We calculated the relative abundance of contigs and bins
in each sample by mapping them against their original sets of reads, and those with
more than 20% coverage were retained for further analysis. The 20% coverage cutoff
might exclude rare viruses and makes it difficult to detect them if they have coverage of
less than 20%.

Based on the results, overall, Shannon diversity indexes were higher for contigs than
bins; table 2. This observation aligns with the fact that the Shannon diversity index is
typically more inflated for contigs than bins, as contigs are more dispersed and diverse
in each sample; table 2. Furthermore, since each sample generated by CAMISIM has
drawn from a log-normal distribution and has diverse standard deviations, samples with
higher standard deviations tend to be more spread. Consequently, as the standard
deviation increases for each sample, Shannon diversity decreases, indicating that
contigs/bins in samples with higher log sigma (standard deviation) are less diverse;
table 1.

Lastly, we compared the Shannon diversity of contigs/bins with the CAMISIM Shannon
diversity (true Shannon diversity); tables 2 & 3, figure 1. The results revealed that
Shannon diversity of contigs compared to true Shannon diversity in their respective
sample, remained similar or higher; tables 1 & 2, figure 1. For the bins population in
each sample, nearly half of the samples exhibit the same Shannon diversity index
compared to the true Shannon diversity index, while the remainder had lower Shannon
diversity index.

Calculating evenness and richness for bins and contigs and their relation with bin
recovery rate

We measured other aspects of biodiversity (evenness and richness) and discussed their
relations with the bins' recovery rate (see materials and methods). Both evenness and
richness positively correlate with the recovery rate of bins with more than 50%
completeness and less than 10% contamination for most of the samples; tables 1&2.
Sample 1, with the highest evenness, richness and Shannon diversity for bins and
contigs, has an 18.5% recovery rate; tables 1&2. Although metaBAT2 recovered many
bins, even in the best case, the recovery rate is low (~20%). It is important to note that
metagenomics primarily captures the most abundant viruses, and numerous members
of the rare viruses cannot be effectively recovered.
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In addition, we compared the richness and evenness of bins and contigs with true
richness and true evenness (information derived from CAMISIM); figure 1. Contigs and
bins evenness are similar to each other indicating that bins and contigs have almost
similar distribution patterns ; figure 1, table 2 & 3. Moreover, the evenness of contigs
and bins are higher than true evenness (CAMISIM_evenness), indicating that contigs
and bins populations only contain highly abundant viruses while CAMISIM generated
dataset consists of both high and rare abundant viruses which result in less even
population. For richness, overall CAMISIM richness is higher than richness for contigs
and bins, except for sample 1, where the number of contigs is more than the number of
genes; figure 1, table 2 & 3.

Bin features (completeness and contamination)

Evaluating the quality of the bins is essential as contaminated bins can lead us to wrong
ecological and evolutionary insights. In this study, we aimed to recover bins with more
than 50% completeness and less than 10% contamination. Completeness, in this
context, refers to whether an assembly (bin) is fully covered by its reference genome
and is measured with total alignment length (between the reference genome and bin)
divided by the whole reference genome size. The other term, contamination, explains a
condition when multiple contigs belonging to different organisms are wrongly assembled
together. A pure bin will be defined as a bin that consists of similar contigs and fully
assigned and covered by its reference genome. We calculated contamination by
dividing the total alignment length by the total bin size subtracted by 100.

total aligned length
Completeness% = — gL TIGneC eIl % 100
?eference genome size
. . total aligned length
Contamination% = 100 — guec engtt % 100
total bin size

Furthermore, we examined the effects of genome size and genome coverage on
completeness and contamination as a whole for all the samples and the results are
presented with plots made by the ggplot2 package in R software [40]. Completeness
exhibits a negative correlation with genome size, as the genome size increases, the
completeness rate decreases, making it more challenging to recover larger genomes.
While higher genome coverage between the reference genome positively affect the
completeness; figure 2a. In addition, it seems contamination might increase more with
larger genomes, whereas it decreases with high genome coverage; figure 2b.

Conclusion and future directions
Binning is critical for short-read metagenomes

Viral metagenomics has greatly expanded the study of unknown viral communities in
their natural habitats. Shotgun metagenomic sequencing has provided valuable insights
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into microbial composition. For instance, the short-read metagenomic assembly has
facilitated the discovery of large DNA viruses and shed light on their ecological and
biogeochemical roles, taxonomic diversity, and genomic repertoire. Although, over the
past years, short-read metagenomic approaches have been helpful in discovering many
of unknown DNA viruses by recovering their genomes, this method still has its
limitations and needs to be evaluated effectively.

One approach, particularly suitable for large DNA viruses, is using binning tools to
create bins that recover the full length of large DNA viruses' genomes (>200kbp). We
employed metaBAT2 to recover high-quality bins (> 50% completeness & < 10%
contamination). However, only the most abundant viruses with higher richness and
diversity were more likely to be recovered and identified (the highest recovery rate was
less than 20%). Long-read metagenomes may help resolve complete genomes and
obviate the need for binning [41].

Short-read metagenomic assemblies may increase the rate of mis assembilies in viral
metagenomics, where only the most abundant viruses are likely to be recovered. To
overcome these challenges, the usage of long-read metagenomic reads has been
proposed. Long-read metagenomes may eliminate the need for binning and have
successfully regenerated viral genomes [41]. This method has also successfully
identified regions of viral genomes (e.g. termini, DTR, rare genomic island regions) that
have traditionally been difficult to detect [42,43]. However, long-read metagenomic
approaches have their limitations in terms of acquiring high concentrations of viral loads
to initiate the process [44] and having high error rates [45]. Considering the limitations of
short and long read assemblies, previous study indicated that using short reads for
correcting errors of long reads will result in more reliable long reads which are able to
capture highly abundant viruses that were previously not detected due to the short-read
metagenomics biases [406].

Although metagenomics has made significant progress, we are still in its early
development stages. The application of long-read metagenomic sequencing holds
promise as it may eliminate the necessity for binning to recover large DNA viruses’
genomes. Combination of long and short read sequences in metagenomics might
increase the recovery rate of a broad range of viruses. Continued research and efforts
are necessary to fully understand the capabilities and limitations of long-read
metagenomics and viral metagenomics in general, to produce valid results.
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Figure 1. Comparison of biodiversity metrics (Shannon diversity index, evenness,
and richness) of three individual populations (contigs, bins, original genomes
(CAMISIM dataset)) for all the seven simulated samples. a) Shannon diversity index
of contigs and bins are similar to the true Shannon diversity index (CAMISIM_Shannon
diversity). Contigs Shannon diversity is inflated compared to bins Shannon diversity
indicating a more diverse population of contigs. b) Bins and contigs populations seem to
have the same relative abundance, and are much higher than the true evenness
(CAMISIM_evenness), suggesting that CAMISIM contains both high and low abundant
species while contigs and bins populations only represent the highly abundant ones. c)
True_richness (CAMISIM_richness) is higher than almost all the contigs and bins
populations. Contigs richness seems to be always higher than bins richness.
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Figure 2. Correlations between the bin completeness and bin contamination
versus genome size (kb) and genome coverage (log 10). a) completeness can be
negatively affected by the larger genome size, while higher genome coverage can
positively affect the completeness. b) contamination seems to be affected more by the
larger genome size, whereas, higher genome coverage can reduce the contamination.
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Table 1. General Information of all the seven simulated samples generated by
CAMISIM. The abbreviations of the columns name are as follows: num of
genes/contigs/bins: number of genes, contigs and bins in each sample, Avg num of
contig(s) in a bin: average number of contigs in an individual bin for each sample, Bins

(contig(s)>=1)% : the percentage of bins with multiple contigs in a given sample, num

bins (>50% completeness & <10% contamination): number of bins which are more than
50% complete and less than 10% contaminate, recovery rate%: the percentage of bins
that binning tool (metaBAT2) could recover for each sample, log_sigma: standard

deviation that was used by CAMISIM to draw each sample from a log normal

distribution, Shannon diversity: a diversity index for each sample.

num bins (>50%
numof | numof | num of e EEUL B recovery Shannon
Samples . . contig(s)ina | Bins (contig(s)>=1)% <10% o log_sigma N

genes | contigs bins bin contamination) rate% diversity
S1 2000 2024 679 3 57.29% 370 18.5% 1 6.260296
52 2000 809 407 2 37.10% 279 13.95% 2 5.305778
83 2000 366 226 2 27.87% 174 8.7% 3 4.275578
54 1846 143 89 2 29.21% 72 3.90% 5 2725157
S5 1143 62 48 1 14.58% 33 2.88% 7 1672453
s6 576 43 28 2 9.30% 23 3.99% 9 0.9816084
S7 395 A 23 2 21.7% 13 3.29% 10 0.7462127
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Table 2. Biodiversity metrics (Shannon diversity, evenness, and richness) of
contigs and bins in each sample. These results represent the differences of
biodiversity metrics of contigs and bins population and their impacts on the recovered
viral genomes if they were assembled up to a contig level versus the bin level.

Bins Contigs Bins Contids
Samples (Simn;;; 3:1\;2:;;1 richlness richn:egss Bins evenness Contigs evenness

S1 6.260296 7.510723 679 2306 0.9600766 0.9699679
S2 5.305778 6.096791 407 960 0.8829994 0.8878477
S3 4.275578 4.820323 226 444 0.7887742 0.7907581
S4 2.725157 3.082129 89 167 0.6071235 0.6022144
S5 1.672453 1.911781 48 71 0.4320244 0.4484927
S6 0.9816084 1.099826 28 50 0.2945823 0.28114

S7 0.7462127 0.8211464 23 34 0.2379889 0.2328594

Table 3. Biodiversity metrics (Shannon diversity, evenness, and richness) of
CAMISIM datasets for each sample. Biodiversity metrics of CAMISIM generated
datasets represent the true value of Shannon diversity, evenness and richness as
CAMISIM provided information of the genomes in each sample.

Samples CAMISIM Shannon diversity CAMISIM richness CAMISIM evenness
S1 7.124629 2000 0.9373399
S2 5.906463 2000 0.7770739
S3 4.588208 2000 0.6036399
S4 2.742779 1846 0.3646936
S5 1.620362 1143 0.2301189
S6 0.9421016 576 0.1482199
S7 0.7200346 395 0.1204296
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