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ABSTRACT

Bacteriophages (phages) - the viruses of bacteria, are the most abundant and genetically diverse
biological entities on Earth. Since their discovery more than 100 years ago, phages and their genome-
encoded products have shown immense potential for practical applications to eliminate unwanted
bacteria in medicine, food industry, aquaculture, and agriculture. Phage research efforts can also be
considered the cornerstone of molecular biology, and many of the well-known and widely used
techniques and common molecular biology lab products originate from phages. Due to their genome
relative simplicity, it was also for the phages to kickstart the nucleic acid sequencing era. Currently,
genomes of thousands of isolated bacteriophages have been completely elucidated, yet the incessant
isolation of novel phages unlike any other regarding their genomic sequences and proteome contents
proves that we have, indeed, just “scratched the surface” of the existing phage diversity. Although the
meta-omics approaches allow for the mining of novel sequences of viral origin at unprecedented
throughput, phages still withhold many secrets that make it hard to gain in-depth phenotypical and
functional insights from their genomic sequences or parts of thereof alone. Moreover, current knowledge
on phage diversity is highly biased towards bacterial hosts of healthcare or economic importance,
whereas many of the currently recognized bacterial genera do not yet have any known phages associated
with them at all, without any reason to assume such phages do not exist. Thus, it is in our best interest,
to gain a better understanding of the phage phenomenon, to isolate and sequence not only as many phages
as possible but also to make sure to do so from a variety of ecological niches and with particular attention
to less commonplace hosts. In this work, I describe how the expansion of the known phage diversity is
being approached in our lab “one phage at a time” and show that “straying off the beaten path” often
results in the isolation of novel bacteriophages that are highly divergent from the so far cultured phage
diversity and might serve as the sole representatives of the novel phage species and genera.

Keywords: virology, bacteriophages, bacteriophage diversity, isolation and characterization of
phages, Caudoviricetes, dSSDNA phages, whole-genome sequencing, genome annotation, comparative
genomics, insect-associated phages
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INTRODUCTION

Bacteriophages or, shortly, phages are obligate bacterial intracellular parasites — viruses of
bacteria, that can replicate themselves only by utilizing resources of the infected host cell.
Bacteriophages are often credited with being the most genetically diverse and abundant biological
entities on Earth that can be encountered in any environment in which the bacteria thrive. The estimate
of “more than 10 to the power of 317 is an often-cited “staple number” of virus-like particle count in the
biosphere that was derived from the observation that around 10 times more tailed phage particles than
prokaryotic cells can be observed in the environmental samples by direct counting.

Each second countless numbers of bacteria are infected by phages all around us, and even on and
within us regardless of wherever we may be at the time. Given their propensity to the horizontal gene
exchange exemplified by the mosaic nature of the genomes of many studied phages, these infections
allow phages to diversify not only by exploring the available sequence space vertically but also by
abruptly changing fragments of their genomes that might span multiple genes. Furthermore, being
mobile genetic elements in their essence, phages greatly facilitate the horizontal evolution of bacteria
via transduction, whereas some temperate phages can even provide their hosts with additional fitness
benefits via lysogenization. As a result of these events, an immense diversity of bacteriophages is
expected to exist in nature, yet only a minuscule fraction of this diversity has been thoroughly
characterized to be “understood”, despite the vast impact phages have on their surrounding environments
that cumulatively sum up to affecting the biosphere as a whole.

Properties bacteriophages exhibit promptly allowed to propose their practical application
possibilities to solve pressing healthcare problems almost immediately after their discovery at the
beginning of the 20th century. Moreover, it was for the phages, owing to their perceived simplicity, to
kickstart the era of molecular biology and give rise to a plethora of discoveries resulting in the
development and approbation of numerous widespread techniques and materials that quickly snowballed
our global understanding of life. Yet, curiously, most of the existing phage-derived or phage-aided
solutions or applications for a very long time originated from merely a handful of well-studied phages.

As most of the existing phage diversity is still untapped, we can expect numerous novel creative
use cases to stem from bacteriophages in the future. To facilitate such innovation, as well as to gain a
better understanding of the phage phenomenon and its complete implications, however, we must never
be content with understanding several selected bacteriophages in the most elaborate detail, but we should
also strive to advance our knowledge on as many phages as possible. Although one may argue that the
in-depth studies of a particular phage might be extrapolated to many other phages with a high degree of
confidence, the sheer number of exclusions to many previously set “phage biology rules” surfacing
recently in the peer-reviewed literature warrants caution at trying to define any universal rules governing
the peculiarities of large groups of bacteriophages in the future.

Even though it is lucrative to shift the phage diversity studies to metaviromics approaches that
allow for an unmatched throughput for the acquisition of novel phage genetic material from the whole
environment for further description, these approaches, while being very valuable in the ecological
context and allowing formulation and testing of interesting hypotheses, are intrinsically limited to the
stretches of nucleotides that serve as a study object. At the same time, laborious culture-based phage
diversity studies, while having a multitude of times lower throughput, open extensive possibilities for
studies of behavioral traits of a particular novel phage with very high confidence about the acquired
results, thus having the ability to generate novel genotype-phenotype associations, as well as to
document features of the phage impossible to arrive at from the sequence data alone.

In my thesis, I present several examples of how our largely culture-based studies of phage-host
pairs isolated from the relatively understudied environments allowed for the expansion of the known
phage diversity.

The aim of my thesis research was to expand the acknowledged bacteriophage diversity by
characterizing novel tailed bacteriophages.



This aim was attained by performing the following tasks:

e [solation and identification of phage-host pairs from globally understudied environments.

e Acquisition of the purified high-titer samples of the newly isolated bacteriophages.

e Transmission electron microscopy of the newly isolated phage virions to determine their
morphological features.

e FElucidation of novel phage complete genome sequences and their functional annotation using
comparative genomics approaches.

e Placement of the newly isolated phages within the context of the so far isolated phage diversity.

1. LITERATURE OVERVIEW

Viruses of bacteria were independently discovered in the early 20" century by Frederick William
Twort (Twort, 1915) and Félix d’Hérelle (D’Herelle, 1917), with the latter introducing the name
“bacteriophage” to describe a presumed “anti-microbe” causing “clear spots” within the bacterial lawns
he observed. This discovery kickstarted a whole new wondrous bacteriophage research direction that
has had its ups and downs but undeniably has made an immense impact on shaping biology as we know
it today (Letarov, 2020).

1.1. Bacteriophage abundance

The total number of prokaryotes on Earth was estimated to be 4-6 x 10°° cells, and there is
considerable variation in cell counts across different habitats (Whitman et al., 1998). Obviously,
wherever there is life — there will be viruses. Assuming that direct counts demonstrated approximately
10 times more tailed phage particles than cells, the total virus particle count on Earth was estimated to
be on the order of 10°! (Hendrix et al., 1999; Mushegian, 2020). This makes bacteriophages the most
abundant biological entities on our planet. Moreover, bacteriophages are expected to be present in every
environment where bacteria can be found, which makes them, essentially, omnipresent in nearly all
ecological niches. For example, in marine environments, a milliliter of water contains from ~10° to ~10°
microbes and ~10° to >107 virus particles, with concentrations of both microbes and viruses generally
decreasing with depth (Wigington ef al., 2016). In soils, viral abundance per gram dry weight ranges
from approximately 10° in hot desert soils to more than 10° in agricultural and wetland soils, with soil
viral abundances being significantly positively correlated with bacterial abundances (Williamson et al.,
2017). While in the human fecal filtrate, virus-like particle counts were around 10® per milliliter (Hoyles
et al., 2014). However, “The great plate count anomaly” (discrepancy between high bacteria counts
observed microscopically versus low counts of colony forming units observable after cultivation
attempts; (Staley, 1985)) implies that most of the biological diversity hidden in the microworld, including
phages, was effectively hidden from researchers until the advent of metagenomics and metaviromics
(Bragg and Tyson, 2014; Handelsman, 2004; Handelsman et al., 1998).

1.2. Bacteriophage taxonomy

The official taxonomy of viruses infecting bacteria is under the oversight of the International
Committee on Taxonomy of Viruses (ICTV). More specifically, currently ICTV bacterial viruses
subcommittee (BVS) serves as the intendant of the phage taxonomy. Although any person can propose
either updates or refinement of the phage taxonomy by filling in a template for taxonomic proposal in
detail, for the changes to become part of the officially recognized phage taxonomy, the proposal needs
to be ratified by the majority vote of the ICTV members (Lefkowitz ef al., 2018).

The International Code of Virus Classification and Nomenclature (ICTV, 2021) states that:
“Viruses sensu stricto are defined operationally by the ICTV as a type of MGEs that encode at least one
protein that is a major component of the virion encasing the nucleic acid of the respective MGE and
therefore the gene encoding the major virion protein itself; or MGEs that are clearly demonstrable to be
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members of a line of evolutionary descent of such major virion protein-encoding entities. Any
monophyletic group of MGEs that originates from a virion protein-encoding ancestor should be
classified as a group of viruses”. While the currently adopted definition for virus species sounds as
follows: ““a species is a monophyletic group of mobile genetic elements (MGEs) whose properties can
be distinguished from those of other species by multiple criteria", and these distinguishing criteria are
defined by the respective ICTV study groups (ICTV, 2021).

The taxons recognized by ICTV for virus classification purposes today are as follows (from less
to more specific; 15 ranks in total, with species being the most specific taxon): realm (“-viria’), subrealm
(“~vira”), kingdom (“-virae”), subkingdom (“-virites”), phylum (“-viricota”), subphylum (-
viricotina”), class (“-viricetes”), subclass (“-viricetidae™), order (“-virales”), suborder (“-virineae”),
family (“-viridae”), subfamily (“-virinae”), genus (“-virus”), subgenus (“-virus™), and species (no
particular suffix). Obviously, virus taxonomy is in active flux, and in the current era of (meta)genomics,
the demarcation of particular viruses to taxa is starting to be driven almost exclusively by their genomic
sequences and the information encoded within these genomes with a strong focus on the shared
evolutionary descent (monophyly) so that the virus taxonomy reflects the evolutionary history of viruses
(Simmonds et al., 2023). Due to the taxonomy of viruses, especially phages, still being actively shaped
and reworked, in its current state it is very common to find viruses classified at the lower taxonomic
levels (e.g., species, genus) but lacking assignment to many of the higher-level taxa (incertae sedis). For
tailed phages from class Caudoviricetes (previously known as order Caudovirales), classification at the
ranks of species and genera seems to have coalesced towards a single mechanistic criterion of pairwise
intergenomic similarities between the representatives (Turner et al., 2021). Based on this criterion,
phages representing the same species should demonstrate intergenomic similarity exceeding 95% (95%
identical at the nucleotide level over their full genome length, tested reciprocally), whereas for genus
intergenomic similarity of more than 70% is defined as a demarcation criterion. However, investigation
of the pangenomes and monophyly in the phylogenies of the signature genes within the appropriate
context are ought to be carried out in “edge-cases” (Moraru et al., 2020; Turner et al., 2021).
Demarcation of tailed phages into many of the higher taxa (apart from realm Duplodnaviria, kingdom
Heunggongvirae, phylum Uroviricota, and class Caudoviricetes in which all the tailed phages currently
seem to fall into just on the basis of having a tail), however, is not as straightforward, and the universal
guidelines are either absent or very vague.

Bacterial viruses recognized by ICTV in the official taxonomy Master Species List v37 ratified
in 2022 were represented by 3601 species, 1199 genera, 98 subfamilies, 47 families, and 4 orders (Turner
et al., 2023). Whereas inspection of the ICTV Virus Metadata Resource based on the Master Species
List 38 v1 (which was uploaded to the ICTV website on 25" of April 2023) filtered to include only
bacteriophages shows that currently viruses of bacteria are already represented by at least 4 different
recognized realms, 6 kingdoms, 7 phyla, 8 classes, 10 orders, 60 families, 111 subfamilies, 1809 genera,
and 5024 species. This clearly demonstrates how the focus on genome-based criteria for phage
classification has facilitated a rapid expansion of the phage taxonomy that is currently still experiencing
major changes.

General characteristics and selected contemporary taxonomical placement for some of the most
well-studied bacteriophage species whose representatives are used as important examples to highlight
the diversity of phages throughout my thesis are found in Appendix 1.

1.3. Bacteriophage diversity

ICTV-ratified taxonomy, however, cannot keep up with encompassing all of the thus far available
phage diversity, that is steadily expanding. Although this expansion is mainly achieved through
metagenome or metavirome-derived sequences, most of such sequences are expected to be of lackluster
quality regarding the completeness of viral genomes due to intrinsic limitations accompanying the road
from a sample to contigs, thus, the inclusion of most such sequences in taxonomy is highly undesirable
at most of the ranks (Roux et al., 2019). For example, IMG/VR v4 database of uncultivated virus
genomes lists more than 15 million virus genomes and genome fragments clustered into 8.7 million
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operational taxonomic units (231 408 with at least one “high-quality” representative; (Camargo et al.,
2022)). At the same time, the amount of cultured virus isolated (including phages) that get their complete
or near-complete genomes sequenced and deposited in public biological sequence repositories continues
to grow as well due to an increase in the availability of the NGS to a wider range of researchers.
Importantly, only the cultured phage complete genomes represent the diversity of phages readily
available “at hand” for further studies on the bacteriophage phenomena in connection to establishing
novel genotype-phenotype associations and driving phage-based practical application development,
ultimately advancing the amount of information deducible from the uncultured phage genomic
sequences or parts of thereof. Such complete or near-complete genomes of cultured viruses can be found
in the International Nucleotide Sequence Database Collaboration repositories (DNA Data Bank of Japan
(Mashima et al., 2017), EMBL-EBI European Nucleotide Archive (Leinonen ef al., 2011), and NCBI
GenBank (Sayers et al., 2019)), although they are becoming increasingly permissive to metagenome-
assembled sequences as well, which makes it non-trivial to evaluate the extent of how many of such
genomes have the corresponding isolated phages are actually available in labs or culture collections
around the world. Moreover, the quality of the sequences and the associated annotations making it into
such databases are often very lackluster for what the submitting authors refer to as the “complete
genome” of a given phage, with obviously non-sensical entries slipping through frequently. Importantly,
although the definition of what is a bacteriophage implies that only viruses infecting bacteria should be
considered phages, the moniker “phage” is still being incorrectly attributed to viruses of archaea as well
due to some overlaps in the properties of some phages and archaeal viruses, and the fact that the first
viruses infecting archaea were isolated prior to recognition of archaea as a domain of line (Abedon and
Murray, 2013; Pietild et al., 2014; Woese et al., 1990). Thus, while sensu stricto “phage” is only
correctly applicable to viruses infecting bacteria, it is not unusual to see the incorrect sensu lato
interpretation that consolidates both viruses of bacteria and viruses of archaea under the term “phage”.

Currently, the best effort to systematically follow the expansion of the diversity of high-quality
phage (including archaeal viruses under this definition) genomes publicly available is represented by the
“INfrastructure for a PHAge REference Database” or, shortlyy, INPHARED (Cook et al., 2021).
Although it also includes metagenome-assembled genomes of uncultured viruses despite initially being
presented as a resource aggregating genomes of cultured phages, as well as some very questionable
entries tend to slip through as well, the authors update the phage list monthly (at least so far), and allow
the community to extend the “exclusion list” of accession numbers for sequences that are clearly not
“complete genomes” of phages. The INPHARED release from the 1% of August of 2023 listed 25,903
complete or near-complete genome entries of bacteriophages and viruses of archaea and the associated
metadata (20,506 entries excluding redundant RefSeq accessions). These viruses, however, were isolated
using representatives of only up to different 302 bacterial or archaeal genera. Out of these 302 host
genera, 103 have only a single associated virus, whereas 205 — less than ten viruses infecting them.
Moreover, there is a high bias towards phages isolated on hosts representing only a few of these genera.
Approximately half of the entries with at least some host-associated metadata correspond to genomes of
the phages isolated using only eight bacterial genera representatives: Mycobacterium spp. — 2272,
Escherichia spp. — 1738, Pseudomonas spp. — 954, Vibrio spp. — 908, Salmonella spp. — 847, Klebsiella
spp. — 840, Streptococcus spp. — 737, Gordonia spp. — 616 (out of 17,789/20,506 non-RefSeq accessions
from the corresponding INPHARED release having at least some host indication). Approximately
82.09% or 16,834 of the 20,506 viruses listed are thought to be tailed dsDNA viruses from class
Caudoviricetes. This being said, INPHARED, probably, currently serves as the best take at the
acknowledgment of bacteriophage diversity based on complete or near-complete genomes mostly
originating from cultured bacteriophages sensu lato (Cook et al., 2021).

1.4. Bacteriophage infections process

Based on their infection cycle differences, generally, bacteriophages can be categorized as being
either virulent (also known as “lytic”) or temperate (also known as “lysogenic”). In the case of virulent
phages (e.g., Tequatrovirus T4 (Miller et al., 2003)) the only expected outcome of their successful lytic
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cycle is the death of the host cell and release of the phage progeny into the surrounding environment.
On the other hand, temperate phages (e.g., Lambdavirus lambda (Casjens and Hendrix, 2015)) make a
lysis-lysogeny decision upon the successful transfer of their genetic material within the appropriate host
cell. Initiation of the lysogenic cycle results in the phage becoming a part of the host genome for an
unspecified amount of time (either through the integration of phage genetic material in the host’s
chromosome, or persistence in the form of a circular or linear episome, as is the case of Punavirus Pl
(Lobocka et al., 2004, p. 1) and Ravinvirus N15 (Ravin, 2011), respectively). This implies that the
integrated phage — a state known as “prophage”, shuts down the expression of most of its genes, and is
able to replicate as part of the bacterial genome without both forming any progeny virions and leading
to the demise of its host. The prophages, however, are also capable of being activated (“induced”) either
spontaneously or by unfavorable conditions of physical (e.g., UV radiation) and chemical (e.g.,
Mytomicin C) nature, which lead to the initiation of the lytic cycle that mimics the events happening
upon the infection of the host cell by a strictly virulent phage (Raya and H’bert, 2009; Xu et al., 2018).

However, there are also other infection cycle varieties, such as chronic infection cycle
filamentous and pleomorphic phages use — progeny bacteriophage production and release into the
surrounding environment without either causing the demise of the host-bacterium or integrating into the
host’s genome (Méntynen et al., 2021). Additionally, a phenomenon where phage nucleic acids are just
inactively residing in cytoplasm after the intrusion into the host cell and are being passed asymmetrically
to one of the daughter cells upon host cell division termed “pseudolysogeny” has also been documented
for several bacteriophages (frequently associated with starvation of the host cell (Ripp and Miller, 1998,
1997)), albeit it eventually resolves in either lytic infection or proper lysogenezitation of the host.

All three, lytic, temperate, and chronic phages, nevertheless, have conceptually the same
infection process initiation — phage virion should identify a suitable host and transfer its genome within
the respective cell. At a finer resolution, this can be described in a two correlating step manner: (1)
recognition of the cognate cell surface receptor(s) by structural components of the respective phage
virion and adsorption to the host and (2) penetration of the host cell barriers and the viral genetic material
entry into the cytoplasm of the host (Rakhuba et al., 2010).

1.4.1. Recognition of the host cell by bacteriophages

Through constant co-evolution together with their hosts for at least several billion years since the
last universal common ancestor emerged (Krupovic et al., 2020), phages have developed numerous
strategies to be capable of identifying the appropriate hosts while passively diffusing throughout the
environment and randomly colliding with all sorts of matter, including a variety of different bacteria.
Currently, multiple components of either the bacteria cell wall or its protruding structures, such as
flagella and pili, were shown to serve as receptors for phage adsorption (Bertozzi Silva et al., 2016). The
receptor repertoire various phages can use, expectedly, differs between Gram-positive and Gram-
negative hosts. For tailed Gram-negative host phages, structures of smooth and rough lipopolysaccharide
varieties, as well as outer membrane porins and other membrane transport proteins serve as adsorption
targets, whereas tailed Gram-positive host phages utilize teichoic acid (substituent groups or backbone)
and peptidoglycan components as their receptors in addition to cell wall proteins (Nobrega et al., 2018).

Importantly, the majority of the tailed phages are thought to first reversibly adsorb to a “primary”
receptor, before binding to a “secondary” receptor irreversibly and ejecting the content of the virion
inside the cell, and a degree of cognate receptor “preferences” for different phage lineages was
previously demonstrated (Maffei ef al., 2021). While the appropriate receptors on the cell surface might
not be immediately accessible for a phage to initiate adsorption in the case of capsular- or extracellular-
polysaccharide-producing bacterial hosts, phages of such hosts encode a diversity of either virion-
associated or soluble polysaccharide depolymerases that allow for the degradation of such carbohydrate
barriers for the exposure of the sought adsorption receptors (Latka et al., 2017).
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1.4.2. Delivery of the phage genome into the cytoplasm of the host

After the successful adsorption to the terminal receptor, a bacterial virus must next enter the host
cytoplasm to begin replicating itself. Given the vast diversity of both bacterial hosts and their phages,
the entry into the cytoplasm differs greatly among different phage groups as well.

Phages with contractile tails, as exemplified by Tequatrovirus T4 myophages, breach the host-
cell envelope by initiating their baseplate conformational change that results in the contraction of the tail
sheath that, in turn, drives the tail tube towards the cell membrane accomplishing the puncturing of the
cell wall with the help of baseplate central spike protein. After this, a tail spike dissociates from the tail
tube to open the tail tube channel, with the tail-associated exolysin further locally degrading the
peptidoglycan allowing for the tail tube to protrude until the plasma membrane to finish the tail
contraction. Although the tail tube interactions with the inner (plasma) membrane happening after are
still not fully understood, they are thought to involve fusion with the T4 ejection nanomachine to create
a transmembrane channel, ultimately allowing for the viral DNA translocation into the host cytoplasm
through the tail tube (Hu ef al., 2015; Leiman and Shneider, 2012).

Phages with long, flexible non-contractile tails, as exemplified by Lambdavirus lambda
siphophages, similarly, undergo significant conformational change that brings the bottom of the tail tip
into the contact with cell surface upon recognition of the appropriate by receptor by tail tip complex-
associated fibers. Subsequently, the tail tape measure protein that might have a relevant enzymatic
activity to degrade the envelopes of the host cell is forced out of the tail tube, puncturing the outer
membrane and likely forming the channel for DNA passage into the cell interior (Davidson et al., 2012).

Phages with short stubby non-contractile tails, as exemplified by Teseptimavirus T7podophages,
use the inner capsid proteins to form a channel perforating the outer membrane of the cell, degrading the
peptidoglycan, and, ultimately, extending through the inner membrane as well. Tail proteins might have
the depolymerizing activities necessary to pass through the host cell’s outer barriers. The phage DNA is
subsequently passed into the host cell through this channel. Details of the processes happening between
the successful recognition of the primary receptor on the surface of the cell and before the genetic
material of the phage is already inside the cell are still very poorly understood for podoviruses infecting
Gram-positive hosts (Casjens and Molineux, 2012).

What forces drive the ejection of the dsSDNA from the capsid of tailed phages into the cytoplasm of
the host is still a matter of debate (Molineux and Panja, 2013).

1.4.3. Expression of the tailed phage genome

Despite usually having comparatively large genomes (for viruses), some of which might even

approach the genomes of simplest prokaryotes lengthwise (e.g., megaphages with genomes >540 kbp
versus Mycoplasma genitalium G37 580.1 kbp), and relatively complex structure of the virions, phage
genomes are expressed in quite straightforward fashion with unexpectedly simple regulation.
Owing to their modular organizational structure, generally, phage genomes have discernible gene
modules corresponding to the functionally connected proteins that are expected to simultaneously act at
a particular time in the bacteriophage infection cycle and, thus, are being expressed at the same time
post-infection. Studies on multiple tailed dsSDNA phages allowed to propose a temporal resolution of
tailed dsDNA phage gene expression patterns to discern early, middle, and late gene classes (Table 1),
which usually encode proteins involved in overtaking the host systems (early), proteins involved in
phage genome replication (middle), and viral particle morphogenesis and release (late). For some
phages, pre-early, early, and late gene classes are outlined. However, it was also noted that functionally
analogous genes might be expressed in different temporal groups for different phage-host systems (e.g.,
see Figure 2 from (Clokie et al., 2020)).

Interestingly, transcription strategies also tend to differ greatly between dsDNA phages. For
example, phages such as Lambdavirus lambda (Casjens and Hendrix, 2015) and Tequintavirus T5 (Wang
et al., 2005) completely rely on the host RNA polymerase (RNAP) for the expression of their (pre-early,
early, and late) genes. The gene expression regulation of such phages is thought to be accomplished
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using mainly transcriptional regulators (repressors, activators, antitermination factors, etc.).
Tequatrovirus T4 also uses host RNAP for the transcription of early, middle genes, and late genes, with
an important distinction that the respective enzyme gets modified by a phage, and its late genes are even
transcribed using a host RNAP that is modified with a phage sigma factor-like protein (Luke et al., 2002;
Tabib-Salazar ef al., 2019). Okubovirus SPO1 uses the native RNA polymerase of the host for its early
genes, while the middle and late gene regions are subsequently transcribed also using an RNA
polymerase modified by a phage-encoded sigma factor (Losick and Pero, 1981; Stewart et al., 2009).
Teseptimavirus T7, similarly, uses host RNAP for the early gene transcription, while the middle and late
genes are then transcribed by the phages’ own RNAP polymerase (Dunn et al., 1983). Things get even
more interesting with the Phikzvirus phiKZ, whose genome encodes two DNA-dependent RNAPs —
virion and non-virion RNAP. That way, the early gene region of the phiKZ genome is transcribed using
virion RNAP that is injected into the host alongside the DNA, whereas the middle and late gene regions
— using phage-encoded non-virion RNAP (Ceyssens et al., 2014; Mesyanzhinov et al., 2002).
Enquatrovirus N4 also encodes virion and non-virion RNAPs, however, it also does not shy away from
using the RNAP of the host. In phage N4 infection, the early gene region is transcribed using virion
RNAP, middle genes — using phage-encoded non-virion RNAP, whereas late genes, amusingly, are
transcribed using RNA polymerase of the host cell (Cho et al., 1995; Zivin et al., 1981). This change
and/or modulation of RNAPs to identify different promoters seems to be a recurring ingenious stunt
among many different phages that helps to achieve temporal resolution of gene expression.

Gene temporal

Functions Examples
group
NI ETIE @ o8t e 6iS 7SS Host restriction enzyme inhibitors
systems
Halting of macromolecule Modification of the host cell enzymes;
=il synthesis by the host degradation of the host DNA

Blocking infection by other (usually

Superinfection exclusion related) phages

Insurance of the middle gene

transcription phage RNA-polymerase

Replication of the phage genome Primosome/replisome proteins

_ Metabolic modification of the tRNA pool adaptation; unusual dNTP
Middle host synthesis; phage chaperone synthesis
Insurance of the late gene
transcription
Morphogenesis of progeny phage Virion structural components, DNA
particles packaging motor
Release of phage progeny into the
environment via cell lysis
Table 1. Generalized temporal resolution of gene functional groups expressed by tailed dsDNA phages
and the associated examples. Adapted from (Letarov, 2019). Note that the presence or absence of
particular phage-encoded proteins is highly varied among phage groups.

Transcription and sigma factor synthesis

Late
Lysis genes (endolysin, holin, spanin(s))

1.4.4. Replication of the tailed phage genome

Despite that all the so far known tailed bacteriophages have a linear double-stranded DNA
genome packaged within their virions, a diversity of possible tailed phage genome replication strategies
and the resultant forms of the replicated DNA was previously demonstrated. These include theta (0)
replication, rolling circle or sigma (o) replication, replication using recombinational initiation,
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replication involving hybridization of terminal repeats, replication using replicative transposition,
protein-primed replication, replication with the regeneration of telomeres (Letarov, 2019) (Table 2).

Some bacteriophage genomes circularize when reaching the cytoplasm of the host and rely
mostly on the host protein machinery for the replisome assembly and action (e.g., lambda), while the
other phage genomes stay in a linear form upon arrival into the cytoplasm and encode all the components
of the replication and recombination machinery (e.g., T4 ), although some of these components can be
substituted with the host counterparts in vivo.

Even though there seems to be a great deal of diversity regarding both the mechanisms (Weigel
and Seitz, 2006), and the end products of phage genome replication that shall, later on in the infection cycle,
serve as substrates for packaging into the proheads of the progeny virions to-be, the genome packaging

machinery itself is rather conserved among the tailed bacteriophages.

Phage DNA molecule inside the virion Replication Form of the replicated
strategy DNA
. Theta switching
Cohesive ends ; .
Lambda . to sigma Linear concatemers
(12-base 5' cos) R
(rolling circle)
T4 _ Terminal redundancy Recc_JrT_]t_)ln_atlonaI Branched concatemers
(circularly permuted molecules) initiation
T7 Direct terminal repeats Hybridization of Linear concatemers
(160-base direct terminal repeats) terminal repeats
Unique host DNA segments attached at Genome cobies intearated
both ends (different lengths of left- Replicative . opies Integ
Mu . . ) . into multiple sites of the
flanking and right-flanking host transposition
host chromosome
sequences)
. . Monomers with gp3
phi29 Protein (gp3) coglggtly attached at 5 Protein-primed covalently attached at 5'
ends
Regeneration of Linear monomers with
Cohesive ends g covalently closed ends —
N15 . telomeres
(12-base 5' cos) (prophage state) telomeres
prophag (prophage state)
Cohesive ends Modified rolling :
P2 , . Circular monomers
(19-base 5’ cos) circle

Table 2. Examples of the diversity of replication strategies employed by tailed dSDNA bacteriophages.
Inside the virions genomes of all tailed dsSDNA phages known so far are linear.

1.4.5. Tailed phage virion morphogenesis

Morphogenesis genes of tailed dSDNA bacteriophages are usually expressed late in the infection
cycle. In many phages (e.g., lambda and lambda-like siphoviruses), morphogenetic genes represent a
single operon under the regulation of a sole promoter (e.g., promoter Pr>in phage lambda). Assembly or
morphogenesis of tailed phage progeny virions in essence represents combining the phage virion
structural feature intermediates (e.g., capsids, tails, tail fibers) that assemble in the cytoplasm of the host
independently of each other in case of sipho- and myophages. While the details of the assembly process
might be notably different even within the phages representing the same phage group, it is believed that
several common principles observed when combining the results of studies of several tailed model
phages that have garnered a lot of interest for historical reasons (e.g., T4 myophage, Lambda siphophage,
T7 podophage, etc.) might be extended in a generalized manner to rather broad spectra of phages
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according to their morphotypes, regardless of the individual phage differences in capsid sizes and
symmetries, tail lengths, etc. (Aksyuk and Rossmann, 2011).

Generally, the following steps take place during tailed phage virion morphogenesis:
1. Proteins involved in virion morphogenesis are synthesized under the control of late genes.
2.1.1. Initiation of the prohead assembly on the portal protein complex with the help of scaffolding
protein.
2.1.2. Proteolysis of the scaffolding protein or major capsid protein delta domains, and cleavage of
other proteins involved in prohead morphogenesis, followed by the removal of the cleaved
unnecessary fragments from within the prohead.
2.1.3. ATP-dependent phage DNA packaging inside the proheads and their expansion.
2.1.4. Sealing of the expanded proheads with the DNA packaged inside by the head closure and “neck”
proteins.
2.1.5. In the case of podophages, tail proteins cooperatively assemble on the filled capsid without
forming structures independently of the head.
2.2.1. Baseplate assembly (for sipho- and myophages).
2.2.2. Tail tape measure protein-tail chaperone complex connection to the assembled baseplate.
2.2.3. “Growth” of the tail along the tail tape measure protein (polymerization of tail tube protein) with
the displacement of chaperones, if any.
2.2.4. Tail assembly completion by tail terminator protein connection (coupled with tail sheath
polymerization along the tail tube for myophages).
3. Assembly of capsid-tail from preassembled capsids with DNA packaged inside and tail structures
(sipho- and myophages).
4. Connection of fibers to the capsid-tail structures to finish sipho- and myophage virion assembly.

1.4.6. Tailed phage progeny release into the environment

The last step of the bacteriophage lytic infection cycle is expected to end in the release of phage progeny
into the surrounding environment and give rise to new infections within a population of susceptible host
cells. To do this, a multitude of the newly formed virions need to get out of the host cell. In the case of
tailed phages, this step ends in death and disintegration of the host cell — the so-called cell lysis, which
is achieved by the controlled action of a few phage-encoded lysis proteins.

The lysis cassette of tailed bacteriophages is usually represented at least by genes encoding for
an endolysin — one of the enzymes with peptidoglycan-degrading activity (e.g., hydrolases such as
muramidases, glucosaminidases, amidases, peptidases, as well as transglycosylases (Vazquez and
Briers, 2023)), and a holin — a protein responsible for breaching the integrity of the host cell membrane
(Tran et al., 2005). Although simple endolysin-holin lysis cassettes might suffice for phages infecting
Gram-positive hosts, phages infecting Gram-negative hosts also ought to possess genes encoding either
a unimolecular spanin or both inner and outer spanins (Kongari et al., 2018). Lysis genes are generally
expressed late in the infection cycle to warrant sufficient build-up of the phage progeny inside the host
prior to its lysis, which very frequently happens way before the resources of the host are depleted.

1.5. Tailed bacteriophage genomics

The immense genomic diversity tailed phages demonstrate can undoubtedly be attributed to their
propensity to horizontal gene exchange between both the different phages infecting the same host cell,
and even between phages and the host (e.g., intact or cryptic prophage regions). This tendency to
participate in recombinational events has resulted in one of the main tailed phage genome features —
genomic “mosaicism”, where stretches of the same genomic nucleotide sequence tend to have different
evolutionary origins (Briissow et al., 2004). Such mosaicism is usually easy to spot when comparing the
genomes of very closely related phages — almost identical stretches of DNA can be interspersed by
unrelated sequences. Moreover, nearly identical stretches of DNA in related phages can suddenly differ
by the presence of an “extra” sequence squeezed within one of the genomes while being flanked by
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homologous regions. This observation of high genomic mosaicism allowed to offer a concept of phages
having access to the “repository” of shared genetic material (Hendrix et al., 1999). Moreover, it also
authorized speculations that, in natural communities, speciation by classical mutation accumulation and
further selection might have a secondary role in creating the immense diversity of the phage genotypes
when compared to horizontal gene transfer that is able to rapidly shift large segments of the phage
genomic DNA giving rise to novel phage genotypes (Bellas et al., 2020).

Comparative genomics studies demonstrated that horizontal gene transfer events resulting in the
exchange of gene blocks are occurring not only between very closely related phages but also among
significantly different phages. Throughout the years such studies further extended the previously
postulated phage "modular evolution theory" (Botstein, 1980) and allowed further refinement of the
definition of a module in this regard. For instance, Lambdavirus lambda and Lederbergvirus P22 are
infecting hosts representing different genera (Escherichia coli and Salmonella typhimurium,
respectively), and even have different virion morphologies (lambda is a siphovirus, whereas P22 is a
podovirus), yet they share similar genomic organization and gene order despite having little nucleotide
sequence homology (Ackermann, 2015). In experiments creating chimeric phage lambda-P22 hybrids,
where one of the genes from the first bacteriophage was replaced by a homolog from the other phage,
the ability to infect and replicate was retained in a lot of cases (Botstein and Herskowitz, 1974). This has
helped to define the concept of a "block" or "module" - any genomic sequence responsible for a specific
biological function(s) that can effectively be replaced by another phage sequence with an analogous
function(s) with the retention of the ability to infect and replicate for the hybrid phage progeny. This
means that a foreign module must be functionally compatible with other recipient phage modules.
Currently, it is known that such an exchange can occur between genome segments of very different
lengths and contexts, starting from short specific protein functional domain-encoding sequences up to
the entire operons comprising multiple genes (Veesler and Cambillau, 2011).

As only chimeric phages able to reproduce will persist in any given environment for longer
periods of time, comparative genomics using the wealth of phage genome sequences elucidated from
cultured phages isolated from natural environments, which are available in the public biological
sequence repositories, reveals that not all the phage genes or gene modules exhibit equal mobility
between different genomes (Hatfull and Hendrix, 2011). Moreover, lateral gene flux seems to have many
confounding variables, such as donor/recipient genome enrichment in genes associated with
recombination, phage lineage, as well as host identity (where the gene transfer events take place), among
others (Mavrich and Hatfull, 2017; Moura de Sousa et al., 2021). Based on the homologous gene
representation in different phage genomes within a wider group, it was proposed that phage genes can
be somewhat reliably divided into two groups based on their conceptually differing mobility patterns
between the genomes - "core" and "accessory" genome, the latter also frequently being referred to as
"hyperplastic regions" (Cazares ef al., 2014; Comeau et al., 2007; Hatfull and Hendrix, 2011). In this
context, the "core" genome comprises genes or gene groups whose homologs are found in all the
genomes representing a specific phage taxonomic group. Usually, “core” genome modules are
responsible for a particular functional pathway in the phage infection cycle where congruence between
the involved gene products is especially important for their efficient interactions (Petrov et al., 2010).
Functions for many of such cornerstone genes have already been elucidated using model phages and
reasonably extended for larger phage groups based on genome similarity and synteny, as well as resultant
protein homology. Unfavorable replacement of or defects in the "core" genes are thought to either
preclude or greatly hamper phage reproduction abilities, leading to selection against such genotypes in
the population (Abedon, 2009). The "core" genes are usually responsible for vital functions such as
virion structural feature morphogenesis, phage genome replication, and phage genome packaging into
procapsids (Comeau et al., 2007). Contrary to that, the hyperplastic “accessory” or “peripheral” genome
is thought to be directly responsible for the adaptation of a given phage to a particular ecological niche.
Products of such genes that seem to be frequent targets of horizontal flux between even the distantly
related phage genomes are proteins allowing to counteract host defense mechanisms, modify host cell
phenotypes via providing additional functions, facilitate recombination, etc. (Moura de Sousa et al.,
2021). The "accessory" genome contents, however, expectedly exhibit significant variability among
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phages and, thus, most of the genes found in such hypervariable regions of the phage genomes are
proteins with functions yet unknown (Hatfull and Hendrix, 2011). Many of such “accessory” genes
encoding “hypothetical proteins” are thought to be characteristic of a relatively limited range of phages,
with some of them being so far found only in a single or few previously studied biological objects,
lacking any other homologs in public biological sequence repositories rife with prokaryotic or their virus
genomes. Usually, "accessory" gene clusters are located outside of or between the "core" gene clusters,
and the genes in these peripheral clusters were proposed to be considerably shorter (Hatfull and Hendrix,
2011).

Although it was shown that horizontal gene exchange can happen between phages of different
lifestyles, and even between rather distantly related phages (possibly due to illegitimate recombination
mechanisms), temperate-to-temperate phage horizontal gene transfer is the most frequent class of events
when speaking about phage lifestyles in this context (Moura de Sousa et al., 2021). Temperate phages
are also notoriously known to harbor genetic elements referred to as "morons" (derived from "more on"
(Juhala et al., 2000)). These elements (“morons”) are classified as part of the "accessory" genome, with
an important distinction that morons are not essential for the successful lytic cycle of the phage harboring
them (they may play no role in a lytic cycle whatsoever (Cumby et al., 2012)). Usually, there is no
apparent benefit from the moron for the phage itself sensu stricto. Yet, morons can independently (having
all the necessary elements such as promoter, ORF, and terminator as part of the “moron”, as per the
original definition (Juhala et al., 2000); the extended definition views morons as “non-conserved genes
in phage genomes that do not have a phage function” (Taylor et al., 2019)) express products that give a
competitive advantage to the host cell after it gets lysogenized by a moron-carrying phage. In a particular
community, products of morons can confer advantages to lysogens in terms of fitness/survival when
compared to bacteria of the same species that do not harbor the same moron-containing prophage (e.g.,
superinfection exclusion, virulence factors, antibiotic resistance (Briissow et al., 2004; Taylor et al.,
2019)).

Reconstruction of precise phage evolutionary relationships is hampered by the fact that no single
universal marker gene having both well-conserved and variable regions (such as 16S rRNA in gene in
prokaryotes) exists in all phages. While some phage proteins such as major capsid protein or terminase
large subunit show considerably higher evolutionary conservation than most other phage proteins, they
are still so diverged that a reconstruction of their complete evolutionary history based on their primary
structure (sequence of amino acids) alignments gets very unreliable towards the root (Liu et al., 2006;
Rohwer and Edwards, 2002). The mosaic nature of tailed phage genomes complicates the use of whole
genome alignment-based phylogenetic tree reconstruction to clarify the evolutionary relationships
between phages, especially in the cases when phages being compared are not very closely related. Even
relatively closely related phage colinear genomes of comparable lengths demonstrating overall synteny
may be composed of different mosaic "building blocks" with completely different evolutionary histories
(Hatfull, 2018). Moreover, the impact of horizontal gene flux that constantly shapes the phage genomes
has prompted some researchers to propose a demonstration of the evolutionary relationships of phages
in the form of a network, rather than a tree, which would allow to accommodate for horizontal gene
exchange as opposed to only a divergent evolution (Lima-Mendez et al., 2008). Even in the case of
conserved, vertically diverging regions, the redundancy of the genetic code coupled with very high
coding capacities hints that comparison of protein amino acid sequences might give more reliable results,
as the respective nucleotide sequences are prone to a relatively quick erosion of information about
evolutionary history. The phylogenetic reconstruction of evolutionary relationships using either
concatenated amino acid sequences of “‘core” genome products, or amino acid sequences of independent
“core” genome products chosen to serve as markers, however, is generally possible for reconstructing
plausible vertical evolutionary histories of related phage groups on the levels below families.
Nevertheless, a combination of approaches is generally advisable for more robust conclusions about the
relatedness of novel phages to the ones characterized genomically before, and finding a place for a novel
phage within the current taxonomy of viruses (Simmonds et al., 2023).

Bacteriophages belonging to the class Caudoviricetes (tailed phages with double-stranded DNA
serving as the genome) exhibit a variety of termini types of their genomic DNA molecules that always
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reside within the capsid in a linear form due to constraints of the portal protein channel through which
the DNA is eventually ejected (Casjens and Gilcrease, 2009). The diversity of phage genome termini
types is a consequence of differences in the mechanisms of processing the replicated phage genome
packaging substrates during virion morphogenesis. Currently, at least seven different types of known
tailed phage genome molecule physical termini can be outlined: cohesive ends (cos) with 5' or 3'
overhangs, exact direct terminal repeats whose sequence differs among the phage virion population
(circularly permuted genomes), exact short or long direct terminal repeats (SDTR - up to several hundred
bp, LDTR — up to several thousand bp, respectively) that are the same in all the virions comprising phage
population, containing host DNA sequences flanking the phage genome, or covalently attached terminal
proteins (Casjens and Gilcrease, 2009). In tailed phages, the processing of replicated DNA during virion
morphogenesis (packaging into proheads) is governed by a “DNA-packaging motor” comprising a
terminase complex bound to a portal ring (Casjens, 2011). Terminase complex usually consists of two
phage-encoded subunits with distinct functions - the small terminase subunit (TerS — dsDNA-binding
activity) is responsible for recognizing the phage DNA, while the large terminase subunit (TerL - ATPase
and nuclease activities) is involved in attaching to the phage head precursor and filling it with genetic
material, as well as cleaving the DNA (if necessary) after a single packaging event is complete (Rao and
Feiss, 2008). TerL. aa sequence phylogeny reconstruction was proposed as a method allowing for
effective prediction of the packaging strategy and, consequently, genome physical termini types newly
isolated phages use, which might guide their further experimental validation (Casjens et al., 2005).
Identification of the TerL gene in newly sequenced and assembled phage genome is usually not hard due
to the high conservation of this protein relative to most other phage-encoded proteins (Casjens, 2003),
and its use in multiple sequence alignment alongside TerL sequences originating from other phages (for
which the packaging strategy or physical DNA ends have been previously experimentally determined)
allows to build a phylogenetic tree enabling to hypothetically infer the expected type of phage genome
termini and a packaging strategy phage utilizes (Casjens and Gilcrease, 2009). This TerL phylogeny
reconstruction method is based upon the observation that, given enough phylogenetic context, terminase
large subunit protein sequences from phages utilizing the same packaging strategy usually fall within
well-supported distinct clades represented by phages with matching physical genome molecule termini
types (Casjens et al., 2005; Casjens and Gilcrease, 2009; Merrill et al., 2016).

Conserved core gene order across even divergent phage genomes is especially noticeable in the
genes comprising the morphogenesis module of the temperate phages, which were noted to be often
arranged in the following transcription order: TerS — TerL — portal protein — prohead protease —
scaffolding protein — major capsid protein and other capsid proteins — head and tail connector proteins —
tail morphogenesis proteins — tail length determining (tape measure) protein — tail tip/baseplate proteins
— tail fiber proteins (Casjens, 2003). Variations in this order of genes are more commonly observed in
large (long-genome) lytic phages, such as T4-like phages (Casjens, 2003).

Speaking of tailed phage genes, the opinions from various researchers generally converge on the
following (as far as generalization of such an immense diversity can go):

) Tailed phage genomes show very high coding sequence density, as a consequence, long
non-coding regions between ORFs are rare, and adjacent ORFs might have short
overlaps.

1) In the majority of cases, only a single reading frame and one strand (either forward or

reverse) are used for a protein-coding gene in any given stretch of DNA.

[IT)  Functionally related gene groups are usually co-transcribed in one direction, and switches
in gene orientations (forward to reverse or reverse to forward) are infrequent.

IV)  Shine-Dalgarno sequences are expected upstream of the start codons for most ORFs, and
start codons might differ from the canonical ATG (e.g., GTG, CTG, TTG).

V) Short protein-coding genes are rare, most of the ORFs are >50 codons long (>150 bp).

VI)  Programmed translational frameshifts and introns are rare but possible.

VII) Up to several transfer RNAs might be encoded (especially by phages with large
genomes), although lack of any tRNA genes is not uncommon.
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Considering the diversity of physicochemical parameters possible in the microcosms coupled
with the variability in the make-up of resident biological communities and countless possible interactions
within their members, there is not much of a surprise that the dominant fraction of most tailed phage
genomes encodes “hypothetical proteins” of unknown function (Lima-Mendez et al., 2007). Yet, the
specialization of bacteriophages for specific ecological niches makes an assumption of the accessory
pangenome of known and yet-to-be-discovered bacteriophages serving as an almost inexhaustible
reservoir of potentially useful products. To harness the full potential of these products, it was proposed
that researchers should not only focus on continuous studies of several selected individual model phage
gene products' structural and functional aspects but should also aim to acquire data from novel
bacteriophages inhabiting diverse and undersampled ecological niches, as well as infecting “uncommon”
host organisms (Briissow and Hendrix, 2002; Hatfull, 2015).

1.6. Tailed bacteriophage and tailed phage-derived product practical applications

The central role of bacteriophages as model organisms or bacteriophage-encoded enzymes as
part of the toolkit used for the development of molecular biology and biotechnology fields cannot be
underestimated. Moreover, many of the products derived from bacteriophages in the previous decades
are still very frequently used in laboratories even today. However, despite the ever-growing number of
completely sequenced bacteriophage genomes available in the public biological sequence repositories,
most of the widely used bacteriophage gene products were originally derived from a surprisingly small
number of phages that were collectively extensively studied (e.g., T4, T7, lambda, etc., (Schoenfeld et
al., 2010)). Given the diversity of phages that is constantly expanding with reports of bizarre objects, as
well as recent technological advances allowing for higher experimental throughputs, this points towards
almost limitless possibilities for further discovery of new phage products to be ingeniously used in the
future.

Arguably the most important practical application of phages, however, is their deliberate usage
for the removal of unwanted bacteria from different environments, including in medicinal practice —
known as “phage therapy”, and this research area is truly experiencing a “renaissance” garnering a lot
of attention from the researchers worldwide.

1.6.1. Phage therapy

Given the fact that multiple bacterial pathogens are becoming increasingly resistant to different
antibiotic types available to mankind, coupled with the rapid pace at which the emergence and spread of
multidrug-resistant strains are occurring, several experts conclude that the world is rapidly forging
toward the "post-antibiotic" era (with some considering such era to have already begun). As a result of
constant clinical and scientific observations that undeniably show the trajectory of the MDR issue only
getting worse, antibiotic resistance is now considered by the World Health Organization to represent one
of the biggest threats to global health, food security, as well as to the overall world development (World
Health Organization, 2021, 2020). As a consequence of the pressure such resistant strains exert on the
healthcare systems worldwide, the scientific community is urged to direct their attention towards
developing and implementing alternative methods for combating pathogenic bacteria in a “race against
time” manner, while important pathogens have not yet acquired multi-resistance to all known classes of
antibiotics (De Oliveira et al., 2020). The therapeutic potential of bacteriophages for medicinal use
started to be considered immediately after their discovery at the beginning of the 20th century (Fruciano
and Bourne, 2007). Thus, attempts to use bacteriophages as therapeutic antibacterial agents were made
even before the discovery of the first antibiotics (starting from A. Flemming describing bacteria-killing
“mould juice” that he named penicillin in 1928 (Tan and Tatsumura, 2015)). However, the interest in
phage therapy diminished fairly quickly in most of the world with the advent of antibiotics, only to get
globally rekindled as antibiotic resistance started to be recognized as a looming threat (Chanishvili,
2012; Gordillo Altamirano and Barr, 2019).
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Compared to antibiotics, phage therapy has several advantages in the treatment of bacterial
infections (as outlined by Loc-Carrillo and Abedon): suitable lytic phages guarantee the killing of target
pathogenic bacteria in case of productive infection; phage preparations can themselves naturally increase
the "dosage" depending on the number of host cells available in the environment as they replicate
through multiple rounds of productive phage infection; due to their pronounced host specificity, phages
generally do not significantly disturb the normal microflora or disrupt it minimally; given the diversity
of bacteriophages, it is relatively easy to find a suitable phage or phage mixture for specific bacterial
targets; certain phages have demonstrated the ability to clear bacterial biofilms; purified phages pose
little to no risk to human health; phages can kill antibiotic-resistant bacteria; among other pros (Loc-
Carrillo and Abedon, 2011). However, it's important to recognize that bacteria can develop resistance to
phages as well (Labrie et al., 2010). When a susceptible bacterial population is exposed to the infecting
phage population for a prolonged period of time, resistance to that specific phage (that is sometimes
extensible to a broader related phage group) can, obviously, emerge (Luria and Delbriick, 1943). This
may result in such phage-resistant cells eventually overtaking the niche of the susceptible host as a result
of phage pressure removing susceptible host cells, possibly rendering therapy a failure (Oechslin, 2018).
Therefore, for therapeutic or biocontrol purposes, it might be necessary to seek a combination of
“genetically safe” and “well-characterized” phages (“phage cocktail”) for each specific pathogen strain
spectrum (Pirnay et al., 2015). Ideally, such a cocktail should comprise phages genetically distinct from
each other, as well as utilizing different receptors for cell surface attachment (Abedon et al., 2021).

Currently, many renowned experts in the field of phage therapy consider the optimal situation to
involve tailoring individual therapeutic cocktails to each patient's pathogenic bacterial strains, drawing
from well-characterized phage collections at institutions like the Eliava Institute in Georgia (Kutateladze
and Adamia, 2008), Queen Astrid Military Hospital in Belgium (Djebara et al., 2019), the Hirszfeld
Institute of Immunology and Experimental Therapy of the Polish Academy of Sciences (Zaczek et al.,
2020) - respected phage therapy centers/units with profound experience in phage therapy. However, the
cost of this personalized approach (sur-mesure) is considerably higher while the “throughput” is lower
compared to using pre-formulated commercially readily available polyvalent "universal" (prét-a-porter)
phage cocktails, (e.g., phage cocktails by "Microgen", universal phage cocktails from Eliava, “BENE
phage”, etc.), which also undeniably have their use, especially in the case of particular attention to such
cocktail timely reformulation according to the empirical and epidemiological data (Abedon et al., 2021;
Pirnay et al., 2018, 2011). Even though personalized phage therapy is also prone to resistance emergence
and phage immune neutralization, a series of 100 consecutive phage therapy cases representing 114
difficult-to-treat infections of different etiology and types recently reported by Pirnay and colleagues
shows great promise (Pirnay et al., 2023). Notably, in 69.3% (79/114) of the treated infections,
bacteriophages were administered in combination with standard-of-care antibiotics, and 77.2% (88/114)
of the infections have shown clinical improvement after personalized phage therapy either with or
without concomitant antibiotic usage, and the eradication of targeted bacteria was observed in 61.3%
(65/106) of the infections. The same authors coin the phrase “Bacteriophages Can Make Antibiotics
Great Again” and propose a phage therapy paradigm shift with personalized phages being used as an
additive to standard-of-care antibiotics, which has led to the improved eradication rates of targeted
bacteria in a considered patient population (Pirnay et al., 2023).

1.6.2. Genetically modified phages for therapy

Despite the fact that there has been a number of clinical studies that considered natural lytic
phage therapy (genetically unmodified and not combined with antibiotics) as a promising method for
treating diseases caused by pathogenic bacteria (the effectiveness of such phage therapy approach has
been demonstrated in treating skin ulcers, skin purulent diseases, infections caused by methicillin-
resistant Staphylococcus aureus, wound and burn prophylaxis, eye infections, gastrointestinal diseases,
middle ear inflammation, respiratory and urogenital tract infections, as well as sepsis cases, among
others (e.g., (Abedon et al., 2011; Slopek et al., 1987; Weber-Dabrowska et al., 2001)), natural phages
can always be improved further. For example, although strictly lytic bacteriophages are obviously
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inherently more suitable natural agents for phage therapy and biocontrol than temperate phages, and
their use in therapy has a much longer history, recently there have been studies emerging on naturally
temperate polyvalent bacteriophages that have been genetically engineered to produce lytic derivatives.
These derivatives, however, should lack the genes required for initiating and maintaining the temperate
life cycle (Dedrick et al., 2019a). A few years ago, a clinical case report was published where the
successful treatment of a patient's Mycobacterium abscessus infection was attributed mainly to a
therapeutic cocktail of bacteriophages containing lytic derivatives targeting the Mycobacterium strain
causing infection, which is the first case of genetically-modified phage use in therapy (Dedrick ef al.,
2019b). Even more recently, Gencay and colleagues have described their extensive subfamily
Tevenvirinae phage engineering efforts to create a combination of tail-fiber-engineered and CRISPR-
Cas-armed phages that would target a diverse spectrum of E. coli strains (Gencay et al., 2023). As a
result of this study, a development candidate called SNIPROO1 comprising four genetically modified
bacteriophages that have shown enhanced bacteria-killing potency and target spectrum compared to their
ancestral natural phages has recently entered clinical development (ClinicalTrials.gov ID
NCT05277350), (Gencay et al., 2023). Similarly, fresh phage-engineering efforts from Du and
colleagues have resulted in another approach to the extension of the natural phage capabilities for the
elimination of target bacteria they term “heterologous effector phage therapeutics” (Du et al., 2023). In
their approach, engineered phages express additionally introduced effector genes such as bacteriocins
and cell wall hydrolases during the infection. The products of these effector genes are then released into
the environment to function as secondary pathogen-specific antimicrobials upon host cell lysis, which
complements and enhances the phage-mediated killing resulting in a “two-pronged attack” (Du et al.,
2023).

1.6.3. Phages in the food industry

Bacteriophages can also be used as pathogenic bacteria biocontrol agents in the food industry,
allowing the reduction of contamination with disease-causing bacterial strains during the production,
processing, and/or storage of the final product. Similar to other viruses, phages are constantly consumed
with the food comprising the human diet, and in the studies conducted so far, no direct evidence of
bacteriophage harmfulness to mammalian cells was demonstrated to the best of my knowledge. Several
relatively recent review articles summarized the outcomes of several studies where various types of
human food were treated with specific phages or their mixtures, which significantly reduced the colony-
forming unit counts of foodborne bacterial pathogens highly undesirable in, yet commonly associated
with, the food industry settings (e.g., E. coli, Campylobacter sp., Salmonella sp., Listeria
monocytogenes, S. aureus among others, (Kazi and Annapure, 2016; Moye et al., 2018; Potaska and
Sokotowska, 2019; Sillankorva et al., 2012)). Currently, several of the phage products are already
approved for food safety applications, and as phage biocontrol is becoming increasingly more accepted
throughout the world for effective elimination or significant reduction of pathogens, we can expect more
such products to become available in the near future (Moye ef al., 2018).

1.6.4. Phages in plant protection

The use of bacteriophages for plant protection in agriculture is also being continuously explored
to determine the extent of their capabilities for the prevention of bacterial infections in crops, as well as
fruits and vegetables. Considering the ever-increasing global human population, it is clear that food
production should increase proportionally to satisfy future food needs and provide food security for
humanity, in which crops, fruits, and vegetables play an important role (FAO, 2018). Around 20 years
ago, about 10% of the entire plant production was estimated to be lost due to plant diseases caused by
plant pathogens, among which bacteria play a significant role (Buttimer et al., 2017; Strange and Scott,
2005). The "major" phytopathogenic bacteria causing the most losses in plant production were
previously outlined as representatives of the following bacterial genera: Pseudomonas, Ralstonia,
Agrobacterium, Xanthomonas, Erwinia, Xylella, Pectobacterium, and Dickeya (Mansfield et al., 2012).
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Results of the first attempts to use bacteriophages against phytopathogenic bacteria in agriculture
were documented as early as 1924 (Hemstreet and Mallmann, 1924), just a few years after the discovery
of bacteriophages (Jones et al., 2012). In nearly a century since these early efforts, numerous studies
have been conducted to demonstrate the usefulness of lytic bacteriophages in controlling
phytopathogenic bacteria (Buttimer et al., 2017; Holtappels ef al., 2021). Despite that several technical
and legal inconveniences hinder the extensive use of bacteriophages in the agro-food industry, currently,
several bacteriophage-containing antibacterial agents are already commercially available on the market
for farmers in both the USA and Europe (e.g., “Agriphage” in the US, “Erwiphage” in Hungary,
“Biolyse” in the UK) and these can be used either individually or in combination with other methods to
protect plants from the detrimental effects of phytopathogenic bacteria (Fernandez et al., 2018).
Additionally, many of the now limiting technical shortcomings of phage applicability for agricultural
use are being actively solved, and an increase in phage-based product application in this sector is
predicted owing to the lack of phage toxicity compared to less environmentally friendly non-biological
alternatives without significant differences in effectiveness (Buttimer et al., 2017; Holtappels et al.,
2021).

1.6.5. Phages in poultry and livestock production

The concepts behind “phage therapy” are also well translatable into veterinary medicine in
connection with livestock and poultry, where quality demands for the end product to be used
therapeutically are lower than those in humans in most legislative frameworks. Unsurprisingly, the
livestock and poultry production sector, which is considered one of the most serious AMR development
and leakage hotspots (Berendonk et al., 2015; Kunhikannan et al., 2021), also seeks effective and
environmentally friendly alternatives to be used for combating bacterial pathogens as antibiotic efficacy
is steadily waning (Svircev et al., 2018). The phage research in connection to poultry was pioneered by
none other than d’Herelle himself. In his note presented in the year 1919, d’Herelle described efforts of
isolating bacteriophages that would be effective against the etiological agent of the avian typhoid
outbreak that was ravaging several poultry farms (D’Herelle, 1919). Recent reviews that summarized
outcomes of phage therapy in livestock, poultry, and even companion animals, conclude that phages are
able to significantly reduce pathogen counts, however, the efficacy varies greatly among targeted
bacteria and complexity and location of the infection sites, as well as delivery method (Desiree et al.,
2021; Ferriol-Gonzélez and Domingo-Calap, 2021; Gigante and Atterbury, 2019; Loponte ef al., 2021;
Mosimann et al., 2021).

1.6.6. Phages in aquaculture

Phages are also being actively researched regarding their practical application possibilities for
the removal of unwanted bacteria from aquaculture environments, both as a prophylaxis and a treatment
option. Aquaculture is currently one of the fastest-growing food industry sectors where the development
is powered by both expansion and intensification of production (Edwards, 2015; “Overview of EU
aquaculture (fish farming)”, 2023; Zhang et al., 2022). The intensification, however, is not only causing
stress in fish, which depresses their immunity, but is also often approached without adequate attention
to the maintenance of water quality, general hygiene, and biosecurity measures (Bedane et al., 2022;
Hoseinifar et al., 2020; Jia et al., 2017; Ssekyanzi et al., 2023). This makes aquaculture one of the sectors
especially prone to bacterial disease occurrence, and these diseases are being overcome by the rather
reckless use of antibiotics. This makes intensive aquaculture, especially fish farming, not only one of
the sectors suffering from but also further propagating antibiotic resistance (Preena et al., 2020; Reverter
et al., 2020; Schar et al., 2021). The aquaculture setting seems especially welcoming to the use of
bacteriophages due to their ability to spread via passive diffusion and eventually encounter a susceptible
host (Culot ef al., 2019). Multiple studies investigating phage efficacy in decreasing the symptoms of
bacterial diseases in aquaculture settings have been undertaken to this date (Schulz et al., 2022).
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While the laboratory trials tend to demonstrate the efficacy of phage therapy in aquaculture,
moving up to the industrial scale use might be problematic in terms of both production and feasibility of
their application (e.g., injecting a multitude of fishes with phage cocktails involves much more labor
than using feed-pellets soaked in phages) (Culot ef al., 2019). Additionally, many more pathosystems
need to be explored regarding confounding variables (e.g., species and age of the animal, disease
condition, optimal phage or phage cocktail dose evaluation, etc.) and different administration routes to
better understand the extent of phage therapy applicability in each particular case, eventually allowing
to standardize the practices for specific use cases (Gon Choudhury et al., 2017). Nevertheless, as of
today, several phage-based biocontrol solutions for bacterial pathogens in aquaculture are either already
available (e.g., five bacteriophage-based feed additive “BAFADOR” to control Aeromonas spp. and
Pseudomonas spp.; phage-based biocontrol product “CUSTUSyrs” against Yersinia ruckerii, albeit the
latter currently available only in Norway) or are being actively developed (see Table 2 from (Pereira et
al., 2022)).

1.6.7. Endolysins

Another solution for bacterial control that is being actively explored and developed for practical
applications involves the use of bacteriophage endolysins (phage-encoded peptidoglycan degrading
enzymes, see section 3.6 of my thesis for details) which were shown to kill the unwanted bacteria rapidly
and efficiently when applied exogenously (Abdelrahman et al., 2021; Murray et al., 2021; Nelson et al.,
2001). Historically, endolysins were only used for controlling Gram-positive pathogens, as their
peptidoglycan layer is not protected by an outer membrane, unlike in Gram-negative bacteria, where it
hinders the enzyme's ability to access its substrate effectively (Schmelcher ef al., 2012). However,
several studies have shown that certain compounds can render the outer membrane of Gram-negative
bacteria more permeable by disrupting its structure, the so-called "outer membrane permeabilizers"
(Vaara, 1992). The corpus of work advancing the understanding of outer membrane permeabilizers has
inspired bioengineering efforts towards the “improvement” of phage-encoded endolysins with the goal
of making them suitable for controlling Gram-negative pathogens as well. This has resulted in attempts
of either using endolysins with outer membrane permeabilizing agents and/or the modification of
endolysins with lipopolysaccharide-destabilizing peptides, ultimately allowing the creation of artificial
proteins with strong antimicrobial activity against Gram-negative bacteria, known as "Artilysins" (Briers
et al., 2014; Briers and Lavigne, 2015; Gerstmans et al., 2018).

2. MATERIALS AND METHODS

2.1. Sampling and initial sample processing to obtain host-phage pairs

As sampling for most of the research presented in this thesis was not carried out within a funded
project but was rather driven purely by the contagious curiosity of Dr. Dislers (and later that of myself),
there was no standardized sample collection procedure.

The processing of the samples, nevertheless, was rather standardized and dependent on the
sample type, for the work presented herein — almost exclusively dead insect specimens collected and
processed by Dr. Dislers long before I joined the lab. The samples for phage isolation were locally
collected and were either in the form of a single insect specimen (Nocturnel16 and “Three Piglet”
phages), multiple specimens of the same species (Mimir87 and Mecenats66), or even an assortment of
different species (Midgardsormr38). Apart from the case with phage Midgardsormr38 host, the
environmental strains of bacteria that subsequently served as indicator cultures were first isolated and
identified from the same insect material (different sample for host isolation used in the case of
Midgardsormr38).

The collected insect samples were processed by crushing the deceased insects with a pestle and
a mortar, with further resuspension in a volume of physiological saline and incubation at +4 °C overnight
that allows for large particles to sediment. Afterward, small aliquots of the supernatant were spread on
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Petri dishes containing simple agarized media (either “CY” (g/L: casamino acids — 6, yeast extract —
3, NaCl— 3, agar — 15) or “LB” (g/L: tryptone—10, yeast extract—S5, NaCl—10, agar — 15) prepared
on the spot with distilled water) and incubated for a period of up to several days at RT. Morphologically
differing colonies were next picked from the plates and subcultured a few times to obtain pure
environmental strains of yet unidentified bacteria. These bacterial isolates were further propagated in
liquid LB media and screened for their ability to form uniform bacterial lawn in the double agar overlays
using 1.5 % agar media for the bottom layer and 0.7% LB agar for the top layer, seeding the top layer
agar only with the indicator cultures (Kropinski et al., 2009).

To obtain cell-free viral fraction, the crushed insect suspension was usually clarified by
centrifugation of benchtop centrifuge and/or filtered through syringe filters (e.g., 0.45 um pore size
syringe filter). Afterward, the aliquots of supernatant/filtrate were used for double agar overlays with the
previously obtained bacterial isolates that served as indicator cultures (lawn). In the case of negative
colony (plaque) presence after overnight incubation, individual plaques of differing morphology were
picked and resuspended in small volumes of either buffer or physiological saline and subcultured for a
few passages.

2.2. Isolated phage propagation, concentration, and purification

Purified plaques were used for scale-up propagation of phages through both liquid cultures and
confluent lysis double agar overlay plates. Propagation in liquid culture involved infection of liquid
bacterial culture during the early log phase (as determined by optical density changes) using the purified
phage plaque material to give a multiplicity of infection of around 1 phage per host cell was routinely
attempted for any given host-phage pair. However, in case of lackluster yields after several attempts
while varying some growth conditions, no further actions to optimize yields from liquid cultures were
undertaken, and the efforts were commonly shifted to propagation using phage extraction from the soft
agar layers of multiple double agar overlay assays demonstrating confluent lysis of the lawn.

In both propagation workflows, resulting lysates were most commonly sedimented by
centrifugation and the supernatant was filtered through a syringe filter to obtain cell-free phage filtrate.
Filtrates were next concentrated using ultracentrifugation (e.g., up to 70,000 x g for 1 h using JA-30.50
Ti or 70 Ti rotors (Beckman Coulter)). The resulting pellets were resuspended in either a few mL of
supernatant or buffer, and around 2 mL of concentrated phage sample were layered on top of ~11.5 mL
CsCl solution (0.6-0.65 g CsClI per mL of buffer) in each Ultra-Clear centrifuge tube (14 x 95 mm,
Beckman Coulter). Subsequent ultracentrifugation was performed under 100,000 x g for 20 h in an SW
40 Ti rotor (Beckman Coulter) at +4 °C on the Beckman Optima L-100XP ultracentrifuge. The phage-
containing zones from each tube were collected by pipetting and further desalted on NAP-25/Sephadex
G-25 columns (Pharmacia, Uppsala, Sweden) using PBS as an exchange buffer. Alternatively,
sometimes phages were purified by gel-filtration and ion exchange chromatography and concentrated
on Amicon Ultra-15, 100 K MWCO filters (Merck; e.g., 3214% g on an Eppendorf 5810R centrifuge
(Eppendorf) until the desired volume). Purified and concentrated phage samples then proceeded to long-
term storage in dsDNA phage collection of the Latvian Biomedical Research and Study Centre, whereas
some aliquots were immediately used for subsequent experimentation.

2.3. Identification of environmental bacterial isolates

Environmental bacterial isolates on which phages could be isolated were subjected to their
identification by means of 16S rRNA gene sequencing and evaluation of the resulting sequence similarity
to that of reference bacterial taxa.

First, the genomic DNA of the host was mostly isolated using commercially available gDNA
extraction kits (e.g., MagaZorb® DNA Mini-Prep from Promega or, more commonly, Genomic DNA
Clean & Concentrator-10 Kit from Zymo Research) as per manufacturer instructions from an overnight
culture. Afterwards, PCR using conventional bacterial 16S rRNA gene 27F and 1492R primers (ordered
at Metabion, Steinkirchen, Germany; 27F: 5'-AGAGTTTGATCMTGGCTCAG-3";
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1492R: 5'-TACGGYTACCTTGTTACGACTT-3'; (Weisburg et al., 1991)) was carried out. 16S rRNA
PCR product was subjected to native agarose gel electrophoresis and the band corresponding to the
expected ~1450 bp product was extracted from the gel using GeneJET Gel Extraction kit (Thermo Fisher
Scientific). Two reactions for the Sanger-based sequencing (Sanger et al., 1977) of near-complete 16S
rRNA gene were prepared using the same 27F and 1492R primers independently according to the
BigDye® Terminator v3.1 Cycle Sequencing Kit instruction, and the sequencing itself was performed
via ABI PRISM 3130xl system (Thermo Fisher Scientific). Sometimes, genomic DNA was sequenced
directly, omitting both the PCR and extraction of the purified product from NAGE or from the PCR
product, without running NAGE.

Resulting read (from 27F and 1492R primers, respectively) chromatograms were manually
inspected and and had their low-quality terminal trace regions trimmed in GeneStudio (v. 2.2.0.0.). Most
of the time remaining read lengths were enough to assemble them into a contig favoring higher quality
traces in the read overlap region in case of ambiguities of base calls during consensus calling (if the
reads did not overlap, additional sequencing reactions were prepared to obtain higher quality reads). The
resulting contig representing near-complete 16S rRNA gene sequence of a given bacterial isolate was
queried against established bacterial 16S rRNA sequence databases (EzBioCloud (Yoon et al., 2017),
The Ribosomal Database Project (RDP;(Cole ef al., 2014)), and the 16S RefSeq Nucleotide sequence
records (O’Leary et al., 2016)) enabling to classify the isolate at least at the genus level based on the hits
giving alignments with least differences. Most of the time 16S rRNA gene phylogeny (either Neigbor-
joining or Maximum-Likelihood) was reconstructed using the appropriate representative sequences (e.g.,
up to several tens of validly named hits from EzBioCloud database) to better visualize the evolutionary
links of the sequence from the isolate of interest within the context of closely related bacterial species.

Simple NJ (Saitou and Nei, 1987) phylogeny reconstructions were performed using built-in
MEGA utilities (Kumar et al., 2016), and ML phylogeny reconstructions were performed using 1Q-
TREE (Nguyen et al., 2015) with the best-fit substitution model being chosen automatically according
to ModelFinder results (Kalyaanamoorthy et al., 2017). My currently preferred multiple sequence
aligner of choice is MAFFT (Katoh and Standley, 2013). Based on the resultant MSA quality, sometimes
MSAs get trimmed before phylogeny building (e.g., removal of poorly aligned columns using Gblocks
(Castresana, 2000)). In the case of NJ trees, multiple bootstrap test replicates are used to measure branch
supports (Felsenstein, 1985), and in the case of ML trees - ultrafast bootstrap (UFBoot (Minh et al.,
2013)). Upon its discovery, FigTree (Rambaut, 2018) quickly became my preferred tree browser for the
initial phylogenetic tree (as well as other tree-like structure) annotation and visualization.

2.4. Phage virion examination using transmission electron microscopy

Although phage samples subjected to TEM ranged from crude lysates to high-titer purified stocks
according to our current immediate needs at the time, pure samples with sufficient infective virion
concentration (>10® PFU/mL) to get multiple objects of interest in fields of view under smaller
magnifications are always the desired input. This allows to quickly take multiple micrographs with a
number of virions in the field of view from different parts of the grid which facilitates subsequent virion
structural element dimension determination. Commonly, a few microliters of the purified sample with a
high infective virion titer validated shortly before are allowed to adsorb on a Formvar/carbon-coated
copper mesh grid for ~5 minutes, and are then negatively stained using 0.5% uranyl acetate and allowed
to dry for several hours. Negatively stained samples are then examined using a JEM-1230 transmission
electron microscope (JEOL) and the micrographs are being taken with a Morada 11 MegaPixel TEM
CCD microscope-mounted camera via iTEM imaging software (Olympus). Given the different planes at
which virions can lay on the grid, it is necessary to take pictures of multiple individual presumably intact
virions and to do so at different magnifications.

For phage virion structural feature dimension measurements, I use ImagelJ software (v1.52a;
(Schneider ef al., 2012)) capabilities. After setting the pixel-to-nm ratio based on the scale bar from
iTEM imaging software, dimensions such as capsid and tail length and width can be measured using
either straight (for most of the virion structural features) or curved (for siphophage tail lengths) line
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utilities. Measurements of a particular feature dimension should be summarized across multiple virions,
and preferably, be represented not only as an average but also be complemented with a quantitative
measure of variation.

2.5. Phage whole genome sequencing and de novo assembly

To ensure the quality of the output data, phage DNA should be extracted from a highly purified
and concentrated phage sample (although results from the concentrated phage lysate filtrates were most
of the times of satisfactory quality as well; DNAse pretreatment of samples is common to remove any
free DNA in the sample, although not strictly necessary). Before extracting the phage DNA using
commercial kits such as Genomic DNA Clean & Concentrator-10 (Zymo Research), samples get
incubated at +56 °C for 1 h with the addition of proteinase K (50 pg) and SDS (0.5% final concentration).
To approximately quantify the obtained phage genomic DNA and evaluate its purity, the resulting sample
aliquot first gets evaluated on a NanoDrop ND—1000 spectrophotometer (Thermo Fisher Scientific)
and then diluted accordingly to verify specifically the dsSDNA amount using a Qubit fluorometer
(Invitrogen) dsDNA high-sensitivity quantification assay (Invitrogen).

Although during my undergraduate studies I started sequencing complete phage genomes using
IonTorrent technology, I quickly switched to Illumina when I got an option to because of the added
benefits of paired-end sequencing. Our current setup for cost-efficient sequencing of novel phages in
small batches revolves around pooling up to 12 differently barcoded libraries using a 500-cycle MiSeq
Reagent Kit v2 nano (Illumina). As input for each individual library, we use 200 ng of dsDNA that gets
sonified (Covaris S220 focused-ultrasonicator with a target fragment length of 550 bp) to ensure random
fragmentation of the phage genomic DNA (which is highly desirable for downstream processes to be
discussed further in this thesis). Fragmented DNA next proceeds to the TruSeq DNA Nano Low
Throughput Library Prep Kit (Illumina) as per the manufacturer’s reference guide. Resultant libraries
get quantified and qualitatively evaluated using an Agilent 2100 bioanalyzer (Agilent) with a High
Sensitivity DNA kit (Agilent) and Qubit fluorometer (Invitrogen) dsDNA high-sensitivity quantification
assay (Invitrogen) before being sequenced using the MiSeq system (Illumina).

My individual phage de novo assembly workflow involves multiple points of branching
throughout the process. FastQC (Andrews, 2010) is used on raw reads, as well as after most
manipulations involving read datasets (e.g., length and base quality trimming, normalization, and read
error correction via tools from the BBMap package (Bushnell, 2014)) to allow quick visual inspection
of the dataset changes in case of unexpected assembly results. Although I’ve tried multiple de novo
assemblers throughout the years, my preferences shifted from MIRA 4 (Chevreux, Bastien et al., 1999)
to SPAdes (Bankevich et al., 2012), and then to Unicycler (Wick et al., 2017) (although I’ve yet to
encounter a situation where short reads would not suffice for a high-quality assembly of a properly-
prepared dsDNA phage library). I still tend to run several parallel assemblies using variations of different
input datasets (e.g., untrimmed, trimmed, normalized, unnormalized, subset of a read dataset, etc.) and
assemblers under different parameters, and later on compare the results from different assembly variants
with QUAST (Gurevich et al., 2013) and, occasionally, Bandage (Wick ef al., 2015) (if I don’t get a
single “circular” scaffold likely representing a complete phage genome, which is rare).

2.6. Assembled phage genome validation and finishing

With a firm belief that publicly shared complete phage genomes ought to be a faithful
representation of the dSDNA molecule as seen within the capsid of a given phage, I have strived to make
sure that my assemblies are complete from the first base pair to the last.

The circularity of the assembled genome scaffold is a good indication that the genome is
complete, however, as described in the “Replication of the tailed phage genome” and “Tailed phage
virion morphogenesis” sections of the literature review, all known tailed bacteriophages package linear
dsDNA within their procapsids, albeit the nature of phage genome molecule physical termini tends to
show considerable variation. Given that phage genomic library preparation for NGS in our workflow
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involves sonication as a means of fragmentation, the randomized nature of the generated library fragment
starting and ending positions allows for the prediction of possible genome termini from the raw read
pile-up (mapping) analyses onto the genome assembly. Read mapping patterns, and their inspection can
also reveal regions with coverage dips and ambiguous base regions that might need closer manual
inspection and verification, for example, using Sanger-based sequencing from the primers upstream of
regions to be re-checked. However, a wonderful tool - “PhageTerm”, specifically developed for the task
of performing automated analyses of read pile-up patterns (with an important caveat that the tool was
designed for analyzing reads originating from the libraries prepared using randomized fragmentation of
the input DNA) and starting/ending position coverage differences has shown great efficacy in correctly
determining the most plausible packaging strategy phage employs, and, in case of defined molecule
termini — even their sequence, and reorganizing the scaffold accordingly (Garneau et al., 2017).

Additionally, I also look into the complete genomes of phages closely related to the ones I am
working using public biological sequence repositories (e.g., BLASTN (Altschul ef al., 1990) search
against NCBI Nucleotide (Sayers et al., 2022) database restricted to “TaxID:10239” (Schoch et al.,
2020) corresponding to sequences of viral origin). In case of sufficiently high intergenomic sequence
similarity (Query coverage percentage multiplied by identity percentage), peer-reviewed literature
describing genome assembly and validation of the relevant hits is inspected, additionally revealing the
place of the newly sequenced phages within the so far uncovered sequenced phage diversity. If there was
an experimental “wet-lab” validation of the organization of the genome regarding the termini for a phage
showing sufficiently high similarity to the query phage, regions of local sequence similarity are to be
inspected. If there are alignments in the regions corresponding to the genome termini of such a phage —
the newly sequenced phage genome can be assumed to begin in the same homologous sequence region
and reorganized accordingly.

Another hint at the packaging type the phage newly sequenced phage employs (although not the
exact sequence in case of exact termini) can be found from the TerL gene amino acid sequence phylogeny
reconstruction within a sufficient diversity of TerL sequences corresponding to the phages for which the
packaging strategies/genome termini sequences were determined experimentally. TerL aa sequences
from phages employing the same packaging strategies tend to reliably cluster together in such
phylogenies, allowing for a “guilt by association” approach if the TerL sequence from the newly
sequenced phage falls within one of such well-defined clades. For the implementation of this approach,
I tend to use a dataset of such “truth” sequences compiled by Merrill and colleagues (Merrill et al., 2016)
as a “core” for MSA to be generated, which gets expanded by additional manually selected “proven
packaging strategy phage” sequences from the public databases for better resolution in case of need.
Although this approach necessitates having at least an automatic ORF calling and respective product
functional annotation done to allow for TerL aa sequence acquisition from the newly sequenced and de
novo assembled phage of interest.

In the case of defined termini that are the same in each virion representing the phage population,
it is relatively easy to validate or elucidate the genome termini completely in the wet lab, if there is at
least some indication regarding the presumed location of the real termini from either read pile-up pattern
analyses or sequence similarity to other phages. We approach this by designing custom primer pairs
(ordered at Metabion) that ought to bind to sequences several hundred base pairs upstream of the
expected genome termini and run a Sanger-based sequencing. As soon as our polymerase of choice
reaches the physical end of a genome — a non-specific adenine gets added after the last specific base of
the template (the so-called “glorious A”). This works well for bacteriophages that have cohesive 5’
sequences. For LDTR and SDTR phages the end of a terminal repeat, obviously, is not always marked
by a non-specific base. For instance, if the length of the terminal repeat is longer than several hundred
base pairs (to get it sequenced by the Sanger-based sequencing methodology we use), and the respective
primer needs to be designed to bind within the repeat region, it will get amplified from both repeats
when genomic DNA is used as a template (if we assume not to perform genomic DNA in-silico digestion-
aided DNA restriction experiment, extract the band of choice from the restriction product NAGE, and
approach sequencing of only the terminus containing fragment(s) of interest, that might be essential in
some cases). In such cases, however, Sanger read chromatogram peak intensities will mark the end of a
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template that was read from the primer upstream of the terminus it was designed to run off from. A
sudden drop of intensities that are expected to be at least two-fold less pronounced on average will begin
at the base after the last base of the real sequence from the terminus of interest, while the read will
continue from the second terminus into the genomic sequence of a phage, additionally, a specific single
nucleotide polymorphism will be evident after the last base if the genomic sequence preceding the other
repeat does not end at the same base as the non-specific base added by the polymerase. For 3’ cos phages,
ligation of the genomic DNA with further sequencing of the ligated region to elucidate the exact
overhang sequence is necessary. In the case of headful phages, read pileups can be used to determine
whether there is at least a single preferred packaging series initiation site (Headful pac-site utilizing
phages), this then can get resolved by attempting restriction experiments to get the pac-containing
fragment(s) and sequence it/them directly as well. Headful phages with seemingly random packaging
series initiation sites will usually have uniform coverage of the genome in the raw read pile-ups, and
then it is best to “open up” the pseudo circular contig around the region of the TerL gene, as is common
in such cases as per convention (although some phage groups might have other conventions). In the case
of exact termini employing phages, I work with the faithful representation genome sequence that is
represented by having the respective termini at both ends of the genome as the respectively annotated
sequence (although that might be viewed as redundant by some colleagues, this is the most faithful
representation of the genome ‘““as seen within the capsid”). In the case of headful packaging phages,
terminal redundancy that shows sequence variation due to its circular permutation along the individual
genomes from the phage virion population gets removed by me. For a detailed rationale behind the
experimental design to determine the precise genome termini of tailed phages refer to (Casjens and
Gilcrease, 2009).

Detailed implementation of (as well as interpretation of the results acquired from) the
aforementioned approaches to investigate the genome organization and packaging strategy for a newly
discovered phage is extensively presented in the sixth publication making up the result section of my
thesis (Zrelovs et al., 2022a), although also presented to an extent throughout all of the novel phage
characterization papers I co-authored (including those that are not part of this thesis (Akmal et al., 2022;
Korniienko et al., 2022)).

2.7. Novel bacteriophage genome annotation

Despite trying out numerous tools that provide phage auto-annotation capabilities, the quality of
the resultant annotation always proved to be sub-par compared to the manually curated annotations our
lab prefers by a margin. Usually, for novel phages from our lab at least two people are performing the
tasks related to the same phage sequence manually curated annotations (e.g., either myself and Dr.
Kazaks, or myself and a student of mine), the resultant genome annotations in the GenBank (*.gb) format
are then compared by a small python in-house script I wrote to compare the called genomic feature
absence/presence, as well as differences in the start codon positions for the same ORFs. This is followed
by a discussion of the differences by both annotators, collectively reweighing the evidence for this or
that call presence or function of an ORF product in case of incongruencies to prepare the submission-
ready complete annotated phage genome to be sent to one of the INSDC databases (preferring NCBI’s
GenBank (Sayers et al., 2019)) for consideration and eventual public release.

“DNAmaster” (https://phagesdb.org/DNAMaster/) is my current sequence explorer of choice for
annotating novel phage genomes due to multiple relevant features being built in, although essentially
any sequence explorer having basic functionality of translating nucleotide sequences and allowing to
annotate genomic regions can suffice (Pope and Jacobs-Sera, 2018). As a first step, I am running
automated ORF (Glimmer (Delcher et al., 2007) and GeneMark (Besemer and Borodovsky, 2005)) and
tRNA gene (ARAGORN (Laslett and Canback, 2004) and tRNAscan-SE (Lowe and Eddy, 1997))
prediction with the help of the respective tool implementations within the DNAmaster genome browser
(v 5.23.6, at the time of writing). Four possible start codons (ATG, GTG, CTG, and TTG) are being
allowed and only putative ORFs encoding a product of >30 amino acids (aa) in length are being
considered further. When choosing a putative start codon for any given OREF, initial preference is usually
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given to the start codon corresponding to the longest possible ORF product, however, no long ORF
overlaps and “gene within gene” arrangements are allowed for most genes (e.g., spanin genes for Gram-
negative host phages is one of the most obvious exceptions). Next, for functional annotation, products
of the predicted ORFs are queried against the NCBI conserved domain database (CDD) using NCBI
conserved domain search (Marchler-Bauer ef al., 2011), against the non-redundant protein sequence
database using BLASTp (Altschul et al., 1990), against the Protein Data Bank (PDB), Pfam, UniProt-
SwissProt-viral70 and NCBI CD databases using HHpred (Soding et al., 2005). Additionally, TMHMM
(Krogh et al., 2001) and Phobius (Kéll et al., 2007) web servers are used in cases when the ORFs
responsible for coding the expected lysis proteins were not identified by previous means. Start codons
of ORFs are next corrected by comparison of the sequence with close homologs from other phages or
bacteria plus inspection of the upstream regions of all the plausible alternative start codons for the
presence of putative Shine-Dalgarno (SD) sequences. A change in the free energy (aG, kcal/mol)
required to bring two strands of nucleotides together (putative SD-containing sequence upstream of the
start codon and an aSD-containing 16S rRNA tail of the host species) is then calculated using
“free align.pl” script (Starmer et al., 2006) (“helix-only” mode, assuming G-U wobble base pairing and
hybridization taking place at +37 °C, considering sequences with AG of more than —3.60 kcal/mol to be
subpar SD sequences).

2.8. Placing the novel phage within the context of the so far isolated phage diversity

Identification of related sequenced phages whose complete genomes are publicly available gets
determined by querying the novel phage genome using BLASTN (Altschul ef al., 1990) search against
NCBI Nucleotide (Sayers et al., 2022) database restricted to “TaxID:10239” - viruses (Schoch et al.,
2020). A representative set of hit sequences gets selected to represent a wider context and the respective
genomes are downloaded both in the form of *.gb and *.fasta files for further comparative analyses.
Pairwise intergenomic sequence similarities/distances between all the phages in such dataset get
calculated using VIRIDIC (Moraru et al., 2020) under default parameters to identify approximate phage
genus and species level clusters as per mechanistic I[CTV-set criteria (more than ~70% intergenomic
nucleotide sequence similarity means that phages belong to the same phage genus, more than ~95%
phages represent different isolates of the same species (Turner et al., 2021)).

Most intergenomically similar phages, ideally, with the standing in current phage taxonomy, and
well-studied representatives from a larger group (if relevant) are next selected for comparison of
respective genome organizations and synteny, as well as similarity of the underlying sequences. For this,
genomic features present in the downloaded *.gb files are marked according to their functional group
(e.g., ORFs coding for products involved in host cell lysis have different “color” identified added than
ORFs involved in virion morphogenesis, etc.). These files are next used as input for EasyFig (Sullivan
et al.,2011) to visually compare the genome organizations and the underlying nucleotide and translated
nucleotide sequences (with BLASTN and tBLASTX, respectively). Additionally, a comparison of
genome organizations and visualization of ORF product similarities gets carried out using Clinker
(Gilchrist and Chooi, 2021). For quick pangenome overview analyses to identify “core” genes
homologous within a group of phages, I tend to use Roary (Page et al., 2015) under different BLASTP
protein similarity thresholds.

I try to also reconstruct individual phylogenetic trees for the selected phage marker proteins
(usually a few proteins that are, ideally, functionally independent of each other; e.g., MCP, TerL, DNAP,
endolysin). For this, usually, I do a BLASTP search against the non-redundant protein sequences of viral
origin (TaxID:10239) under other default settings, to select both the top highest scoring hits, as well as
more distantly related hits that are approximately the same length as a query. Subsequently, phylogenies
get reconstructed as described in the last paragraph of the Materials and Methods subsection
“Identification of environmental bacterial isolates”.

Recently, I also started to employ proteome-content-based clustering of phages via vConTACT2
(Bin Jang et al., 2019) with the result representation in a network format via Cytoscape (Shannon et al.,
2003).
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3. RESULTS

3.1. Isolation and characterization of the novel Virgibacillus-infecting bacteriophage

Mimir87

Highlights (Zrelovs et al., 2020a):

A Dbacterial isolate identified as a strain of Virgibacillus halotolerans was isolated from dead
worker honeybees alongside a siphophage shown to infect it which was subsequently named
Mimir87.

The complete genome of Virgibacillus phage Mimir87 comprises 48,016 base pairs and was
predicted to encode 68 proteins, for half of which no functional assignment could be made at the
time.

Despite the Mimir87 genome encoding several proteins associated with the temperate lifestyle,
no convincing lysogenic behavior of the phage was observed.

Exact genome physical termini determination revealed that the Mimir87 genome molecule has
the following 3’ cohesive overhang sequence: 5’- CGGATGGGC-3".

Virgibacillus phage Mimir87 represents the first known tailed bacteriophage that was shown to
infect a representative of the bacterial genus Virgibacillus, and the first Virgibacillus phage to
have its complete genome elucidated.

Based on the ICTV-set intergenomic similarity phage genus and species level demarcation
criteria, Mimir87 could represent both a novel phage species and genus, as the sole founding
member for both tentative taxa.

The complete annotated genome of Virgibacillus phage Mimir87 was deposited to GenBank and
is publicly available under the accession number MK560763.

3.2. Novel Erwinia persicina Infecting Phage Midgardsormr38 Within the Context of

Temperate Erwinia Phages

Highlights (Zrelovs et al., 2020b):

A bacterial isolate identified as a strain of Erwinia persicina was isolated from dead fruit flies,
after, a siphophage able to infect this bacterial isolate was retrieved from locally collected mixed
dead insects (houseflies, lady beetles, green lacewings) and was subsequently named
Midgardsormr38.

The complete genome of Erwinia phage Midgardsormr38 comprises 50,485 base pairs and was
predicted to encode 93 proteins, for 38 of the ORFs (~40.9%) no functional assignment could be
made at the time.

Midgardsormr38 genome encoded multiple proteins associated with the temperate lifestyle, most
of which seemed to be analogous to their counterparts from phage A.

Midgardsormr38 prophage-containing E. persicina host strain lysogens were unstable,
spontaneous induction was observed relatively frequently under laboratory conditions.
Midgardsormr38 genomes are likely packaged into the procapsids in a “headful” manner,
resulting in the progeny virions having circularly permuted genomes with terminal redundancy
of ~0.4% non-redundant genome length that is unique to each virion.

Isolation of Midgardsormr38 and scarcity of the completely sequenced temperate Erwinia spp.
phages prompted to perform analysis of the prophages found within the complete Erwinia
genomes.

Up to 28 prophage regions totaling 17.67% of the chromosome length (4,891,733 bp) were
predicted in the genome of E. tracheiphila strain MDcuke (CP013970.1).

A high false-positive rate among putative “intact” prophage regions called by the prediction
algorithm used was noted after inspecting functional annotations of the ORF products within
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such regions that revealed an absence of many essential phage proteins vital for the prophage to
be induced and self-sufficiently go through the lytic cycle.

Erwinia phage Midgardsormr38 represents the first cultured and sequenced temperate E.
persicina-infecting phage.

The complete annotated genome of Erwinia phage Midgardsormr38 was deposited to GenBank
and is publicly available under the accession number MN602881.

P.S. Erwinia phage Midgardsormr38 was used in an ICTV taxonomy proposal “Create a new genus
(Midgardsormrvirus) with a single species (Caudoviricetes)” under assigned code “2022.051B” in May
2022 by Turner D., Moraru C., Kropinski A.M. and is now a part of the official virus taxonomy as a
single representative both the Midgardsormrvirus midgardsormr38 phage species and the
Midgardsormrvirus phage genus within the class Caudoviricetes, while yet remaining incertae sedis at
the order and family levels.

3.3. Motley crew: Overview of the currently available phage diversity

Highlights (Zrelovs et al., 2021a, 2020c):

As of June 2, 2020, the NCBI Nucleotide database, when filtered to show only complete
bacteriophage genomes, listed 13,132 entries that represented individual phage complete
genomes as stated by the respective submission authors (deduplication at the approximate
mechanistic intergenomic nucleotide sequence similarity criterion for phage species of ~95% has
resulted in 8,245 putative phage species genomes).

At the time, complete phage genomes were scattered throughout 19 phage families, the dominant
majority of which were tailed dsDNA-containing phages from the now obsolete order of
Caudovirales (~93.6% of the ICT V-recognized or tentative species).

Host-wise, the so far cultured and completely sequenced bacteriophage diversity was shown to
be highly biased towards bacteria of healthcare or economic importance (Top 5 hosts —
Mycobacterium spp., Streptococcus spp., Escherichia spp., Pseudomonas spp., Salmonella spp.).
At the time, phages infecting only 219 different bacterial genera representatives (based on the
submission-associated metadata) were completely sequenced, 74 of these genera had only a
single completely sequenced phage known to infect them.

After deduplication, the counts of genomes representing phage species had a distribution
showing “gravitation” toward three size ranges: “small-sized” genomes (<25 kbp) were most
frequently 10-15 kbp in length, “medium-sized” genomes (25-100 kbp) - 40-45 kbp in length,
whereas “large-sized” (>100 kbp) genomes had a peak at the 150—175 kbp length range.

Some serious yet easily avoidable issues that preclude the usability of the data “as is” for both
summarizing overviews and single entry-oriented analyses, were noted throughout a number of
the submitted and publicly available individual phage complete genome entries:

1. Typing errors (e.g., Panteoa instead of Pantoea, Eschericha instead of Escherichia,
Mycobacterium misspelled in multiple ways, etc.)

2. Misuse of GenBank metadata qualifiers (e.g., “/host = ” qualifier of phage complete
genome entries used for organisms other than bacteria; presumably from
metagenomic/metaviromic surveys of higher organisms)

3. Lack of any functional annotation of the genomic sequence submitted to the public
biological sequence repositories (e.g., no ORFs, tRNAs annotated) or suboptimal
functional annotations (e.g., meaningless gene product functional assignments; missing
annotations for highly conserved gene products; utilization of auto-annotation software
without post-hoc sanity checks, etc.)

Many of the currently recognized bacterial genera do not yet have the phage that infects its
members described (while there is no reason to think that such phages do not exist).
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For the expansion of the known phage diversity, traditional culture-based approaches that show an
unambiguous phage-host association and allow for in-depth studies of particular phages should not be
abandoned in favor of purely culture-free approaches.

3.4. Genome Characterization of Nocturnell6, Novel Lactococcus lactis-Infecting Phage
Isolated from Moth

Highlights (Zrelovs et al., 2021b):

e A bacterial isolate identified as a strain of Lactococcus lactis was isolated from a deceased local
moth specimen alongside a siphophage (subsequently named Nocturnel16) that was able to infect
this bacterial strain.

e The complete genome of Lactococcus phage Nocturnel16 comprises 25,554 base pairs and was
predicted to encode 52 proteins, for 37 of the ORFs (~71.2%) no functional assignment could be
made at the time.

e Exact genome physical termini determination revealed that the Nocturnel16 genome molecule has
the following 3’ cohesive overhang sequence: 5’-CGCAGTAACT-3".

e Intact virions of Nocturnel16 demonstrate uncommon siphovirus morphology with a prolate capsid
(59.1 £ 1.5 nm x 40.1 = 1.2 nm) to which a non-contractile tail is attached (112.0 + 8.1 nm long and
9.5 £ 0.8 nm wide).

e Lactococcus phage Nocturnell6 was most similar to the Lacfococcus phage Q54 (albeit
demonstrating only ~24.5% intergenomic nucleotide sequence similarity) which had a comparable
genome size, similar genome organization, exactly the same 3’ cohesive genome terminal overhang
sequence, and similar virion feature dimensions).

e The proteome of Nocturnel16 seemed rather interesting: 22 out of 52 predicted proteins had no
homologs available in the public amino acid sequence databases, and another 15 ORF product
homologs could be found only in the proteome of Lactococcus phage Q54.

e Despite the genus Lactococcus being one of the most popular host genera for cultured phages
completely sequenced (nearly 350 phage genome entries available at the time of writing),
Lactococcus phage Nocturne116 tentatively represents a novel phage genus as its sole representative
as of now.

e The so far cultured and completely sequenced Lactococcus phage diversity was highly biased
towards representatives of just two phage genera — Skunavirus and Ceduovirus.

e A detailed description of the Nocturnel 16 genome annotation process using freely available tools,
as well as elaboration on the rationale behind assigning its ORF-encoded products with a function,
was given for a phage that had no close relatives described yet, which made it an uneasy annotation
target even employing a manual supervised annotation approach.

e The complete annotated genome of Lactococcus phage Nocturnel16 was deposited to GenBank and
is publicly available under the accession number MW791312.

3.5. PVJ1 Is Not the First Tailed Temperate Phage Infecting Bacteria from Genus
Psychrobacillus. Comment on Liu et al. Isolation and Characterization of the First Temperate
Virus Infecting Psychrobacillus from Marine Sediments. Viruses 2022, 14, 108

Highlights (Zrelovs et al., 2022b):

e To our knowledge, temperate siphophages Perkons (MT325768) and Spoks (MT410774) are the
first phages capable of infecting a bacterium belonging to the genus Psychrobacillus that had
their complete annotated genomes publicly available.

e Even though not formally published in the peer-reviewed literature yet, the process of isolation
and characterization of these phages has been a major part of my MSc. thesis on the isolation and
characterization of phages for bacterial genera, which had no known phages able to infect them
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yet, so as to expand the known cultured phage diversity, defended at the University of Latvia in
summer 2020.

Despite the fact that there is a large fraction of complete annotated phage genome entries publicly
available that still do not have an article or at least a genome announcement from the peer-
reviewed literature linked to them for a variety of reasons (including Psychrobacillus phages
Perkons and Spoks), it is incorrect to ignore the existence of such entries when analyzing the
place of any newly isolated phage within the context of known phages, regardless of the phages
not being mentioned anywhere in the peer-reviewed literature.

3.6. Morganella Phage Mecenats66 Utilizes an Evolutionarily Distinct Subtype of Headful

Genome Packaging with a Preferred Packaging Initiation Site

Highlights (Zrelovs et al., 2022a):

A bacterial isolate identified as a strain representing the bacterial genus Morganella was isolated
from dead worker honeybees, after, a myovirus (subsequently named Mecenats66) that was able
to infect this bacterial strain was isolated from the same material.

The complete genome of Morganella phage Mecenats66 was 86,193 base pair-long and was
predicted to encode 123 proteins, for 84 of the ORFs (~68.3%) remained without any plausible
functional annotation for their product at the time.

From the proteome of phage Mecenats66, 52 putative product amino acid sequences had no
BLASTD hits to proteins encoded by other publicly available phage genomes.

Phage particles of Mecenats66 showed myovirus morphology with an icosahedral capsid of 75.6
+ 3.9 nm in diameter attached to a 142.1 + 3.7 nm long and 19.7 + 1.7 nm wide contractile tail
(dimensions of an uncontracted tail are provided) that ends with a “lush” basal plate.
Morganella phage Mecenats66 demonstrated remarkable intergenomic nucleotide sequence
distance to any of the bacteriophages sequenced at the time (less than 3% intergenomic similarity
to any viral entry in GenBank).

Phage Mecenats66 seems to be the ninth cultured virus capable of infecting a representative of
the bacterial genus Morganella.

Genome physical termini scrutinization performed for Morganella phage Mecenats66 suggested
that it may employ an evolutionarily distinct headful genome packaging strategy with a preferred
packaging initiation site.

As there seem to be clusters of sequences showing plausible MRCAs that seem to be
evolutionarily quite distant from any of the experimentally verified packaging strategy
TerL/terminase sequence-containing clades, elucidation of the genome termini, at least for some
of the phages falling within those “unknown packaging strategy” clades, might further refine the
applicability of TerL-phylogeny based approaches for the packaging strategy prediction of novel
phages.

The complete annotated genome of Morganella phage Mecenats66 was deposited to GenBank
and is publicly available under the accession number OL614104.

3.7. Three Phages One Host: Isolation and Characterization of Pantoea agglomerans

Phages from a Grasshopper Specimen

Highlights (Zrelovs et al., 2023):

A bacterial isolate identified as a strain of Pantoea agglomerans was isolated from the crushed
dead specimen of an unidentified Latvian grasshopper species.

Three phage plaque lines demonstrating different appearances on the lawn of the same host in
double agar overlay and presumably representing distinct phages were recovered from the same
source material.
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WGS revealed that the isolated phages, indeed, are distinct of each other — the phages were
subsequently named taking inspiration from the Latvian rendition of the “Three Piglets” fable
(Nifs112, Nufs112, and Nafs113):

o Podovirus Nifs112 has a 46,202 bp genome (including the 296 bp short direct terminal

repeats) with G+C content of 50.2%, comprising 59 ORFs, with 28 of them (~47.5%)
encoding “hypothetical proteins”.

Podovirus Nufs112 has a 45,951 bp genome (including the 410 bp short direct terminal
repeats) with G+C content of 47.7%, comprising 67 ORFs, with 36 of them (~52.2%)
encoding “hypothetical proteins”.

Myovirus Nafs113 is thought to employ a headful packaging strategy resulting in
circularly permuted terminally redundant genomes inside the population of virions, non-
redundant genome of Nafs113 is 75,899 bp long and boasts a G+C content of 54.1% and
hosts 130 ORFs, 91 of which (70%) encode “hypothetical proteins”.

TEM allowed to determine features of the aforementioned phage virions:

O

O

Podophage Nifs112 has an icosahedral capsid of 57.2 + 2.4 nm in diameter to which an
11.2 £ 1.6 nm short tail is attached.

Podophage Nufs112 has an icosahedral capsid of 54.4 + 1.8 nm in diameter to which a
tail of 12.8 + 2 nm is attached.

Although very similar in their virion feature dimensions, the tails of both isolated
podophages had different appearances with Nifs112 having seemingly slimmer tails in
contrast to the “chunky stubs” of Nufs112.

Myophage Nafs113 was determined to have a less common morphotype with an
elongated head of approximately 3:1 length (121.4 &+ 6.8 nm) to width (43.4 + 3.8 nm)
ratio, to which an 88.5 = 3.2 nm long contractile tail with a width of 15.4 £ 0.6 nm
(uncontracted state) was attached.

“Three piglet phages” had different degrees of novelty within the context of the so far uncovered
phage diversity:

O

O

Pantoea phage Nifs112 might represent a novel species within the phage family
Autographiviridae subfamily Molineuxvirinae, genus Eracentumvirus.

Pantoea phage Nufs112 is distinct enough to serve as an exemplar isolate for a tentative
novel species that would represent a new phage genus within the family
Autographivirdae.

Pantoea phage Nafs113 is very distantly related to any of the so-far completely sequenced
phages that are publicly available, except for the Pantoea phage vB PagM LIET2,
suggesting that Nafs113 should be included within the genus Lietduovirus, and even
proposing to treat it as an isolate of the species Lietduovirus LIET2 for practicality
reasons at the time being despite it falling below the mechanistic intergenomic similarity
species demarcation criterion.
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4. DISCUSSION

In the era of metagenomics and metaviromics, one should always remember that sequence data
alone is worth only as much as the information that can be deduced from it. It is nearly exclusively to
the previous wet lab experimental work that we are currently able to interpret such data in at least
partially meaningful ways. Despite all the hype around metaviromics, so many of its current limitations
are to be solved using exactly wet-lab, including culture-based, approaches. The positive thing, however,
is that such data will constantly grow in its value step-by-step, with every novel phage isolated, with
every protein “domain of unknown function” having its function elucidated, with fewer and fewer
“hypothetical proteins” remaining in the global phage panproteome. Re-analysis of the metaviromes
generated up to this day will undoubtedly provide a lot more reliable insight in the future, but if, and
only if, the viruses now represented as merely a sequence will get further attention in the wet lab.

The current pitfalls of culture-independent phage diversity research (including the inability to
answer a fundamental question for characterization of any virus — “who serves as the host?” reliably)
clearly demonstrate that culture-dependent methods are indispensable for advancing our current
knowledge about bacteriophages. Thus, I believe that the term “effective phage diversity” might be
necessary to introduce for description only of the completely sequenced bacteriophages that are available
to researchers in the form of actual isolates accompanied by the isolation host strain, which can be used
for further experimentation, rather than a phage genomic sequence alone, regardless of its completion.
The modest results expanding the phage diversity acquired thus far in our laboratory (only a small part
of which are published to this date in peer-reviewed literature) demonstrate that at least some of the
biases in effective tailed phage diversity can be relatively easily overcome. A pattern that novel phages
are actively isolated for representatives of bacterial genera, species, or even particular strains of
healthcare and/or economic importance is understandable in light of such phage potential practical
applications that might add up to the solution to the pressing challenges pathogenic bacteria put forward.
However, this creates obvious biases in the effective phage diversity, resulting in a multitude of times
higher saturation of such diversity for phages infecting select hosts. At the same time, an overwhelming
number of recognized bacteria have no phages known to infect them at all, while there is completely no
reason to assume such phages do not exist. Interestingly, the effective diversity of phages infecting some
of the non-negligible (opportunistic) bacterial pathogens is also currently either very limited (e.g.,
Morganella (Liu et al., 2016), Tsukamurella (Safaei et al., 2018), Brevundimonas (Ryan and Pembroke,
2018), Kluyvera (Lee et al., 2019)) or lacking at all (e.g., Alloscardovia, Capnocytophaga, number of
intracellular pathogens such as Rickettsia, etc. (Vouga and Greub, 2016)) to the best of my knowledge.
Such bacteria, obviously, look like very appropriate targets to enroll as hosts for phage-hunting
campaigns (although the difficulty of microbiological handling is probably the reason that explains the
lack of extensive data on phages against at least some of the mentioned bacteria (Sliwka ez al., 2022)).
The absence of appropriate conditions allowing to efficiently work with strictly anaerobic bacteria and
their phages in many labs is also one of the limiting factors that creates the observed effective phage
diversity biases. I believe that efforts on isolating bacteriophages for less commonplace hosts, even if
such hosts are not of prime economic or healthcare importance to be pursued in light of applied research,
are still of utmost importance to advance the global knowledge about the virosphere. Additionally, I feel
that the leading public biological sequence repositories (e.g., GenBank) should be stricter regarding the
quality control of the entries being submitted into them (including metadata-wise) and better
disambiguate between the metagenome-assembled genomes (MAGs) of phages and the complete
genomes derived from actual phage isolates that were cultured to enable more precise and robust
evaluations of the effective phage diversity without the necessity for an extensive manual curation from
the user side with every database update. Moreover, the “effective phage diversity” is, in my opinion, an
idea for a very useful database waiting for its developer/creator. While INPHARED is extremely useful
as an aggregator database for qualitative phage genomes, to my liking, the sensu lato interpretation of
the term bacteriophage with extension to viruses of archaea, as well as permissiveness to metagenome-
assembled genomes, leaves room for further improvement of the concept behind it to attempt the creation
of a manually curated regularly updated database comprising strictly cultured phage complete genome
sequences (maintaining an inclusion, rather than exclusion list).
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Working in a purely curiosity-driven fashion without having to worry about reaching the
promised “key performance indicators” for yet another project is highly satisfying and allows a great
degree of freedom to play around in the lab, although comes with a downside of having very limited
resources for such leisure “side projects” in terms of both allocated funds and time available. Most of
the phages isolated in our lab for a long time, including all those mentioned within this thesis (Appendix
2), are a result of the productive leisure work of Dr. A. Dislers, who happened to eventually create a
Latvian Biomedical Research and Study Centre’s tailed phage collection now comprising many tens of
phages infecting very different environmental bacterial isolates. Many of the phages from this collection
demonstrate a very high degree of divergence from any of the phages representing effective phage
diversity available to the researchers so far. This allows to outline several important thoughts that are
assumed to be behind the ability to rather consistently recover phages that are divergent from the ones
already known, and to do so in a cost-efficient manner: I) Uncommon sources hide undersampled
biological diversity; II) Hosts come first; III) If there is a bacterium, there will be a phage infecting it.
One may argue that such an approach is bizarre and akin to “stamp collecting”, yet both “stamp
collecting” and isolation of phages in such a fashion are valid hobbies. As can be seen from the acquired
results, such a genuine curiosity-driven approach to the expansion of effective phage diversity without
any particular preformulated aim goes a long way toward better understanding bacteriophages. Each
isolated phage that gets isolated and characterized means that there is one less phage out there in the
virosphere to “cut down” for the extension of the effective phage diversity.

Guided by these principles we were able to isolate, completely sequence and annotate, as well as
publicly release, to our knowledge, the first genomes of tailed phages infecting Virgibacillus spp.
(Zrelovs et al., 2020a), Psychrobacillus spp. (Zrelovs, 2020; Zrelovs et al., 2022b), Sporosarcina spp.
(Zrelovs, 2020), Cedecea spp. (Jonikane, 2022). Additionally, many other intergenomically distinct or
otherwise interesting tailed phages were isolated, completely sequenced and publicly released, focusing
mostly on working with less commonplace hosts retrieved from the environment. I believe that such a
curiosity-driven approach to novel phage isolation and characterization is also perfect for engaging
undergraduate students in what becomes their first real research endeavors with useful outcomes of their
research that might further spark ideas about building upon the acquired results. Throughout the years
I’ve had the pleasure to serve as an advisor and lead several undergraduate student phage research
projects that have resulted in successfully defended Bachelor theses that had their own highlights:

e Karina Svanberga focused on the isolation of Aeromonas salmonicida phages from wastewater samples,
successfully retrieving and characterizing a distinct Autographiviridae podophage (JELG-KS1, ON604651)
despite around 200 Aeromonas phages being isolated prior (Svanberga, 2022). This stimulated us to find local
collaboration partners and pursue funding for a pilot project aimed evaluation of the possibilities to develop
a phage cocktail prototype against local Aeromonas spp. strains from aquaculture settings, and now, in the
second year of her Master’s research project that I am supervising, Karina managed to isolate more than 30
phages using 20 different Aeromonas strains. These phages were sequenced and most of them seem
genetically safe to use in biocontrol, however, they are yet to undergo further microbiological characterization
to evaluate their potential for such applications.

e Agneta Jonikane looked for phages infecting an environmental Cedecea davisae strain and characterized
them, which resulted in the public availability of the first complete genome for a phage infecting Cedecea
spp. (Autographiviridae podophage Yanou, ON568193) (Jonikane, 2022).

e Beate Galvane worked with soil sampled in the yard of our institute and managed to isolate the first
Salasmaviridae phage for our lab which also happens to be the first known Viridibacillus-infecting phage
(Salasmaviridae podophage Skaradils, the complete annotated genome not yet submitted to public biological
sequence repositories) (Galvane, 2023).

The ideal case to advance our labs vision of phage diversity research would definitely be to bring
at least some of such activities to the university classrooms/labs as a dedicated lecture/practical course
that would span several terms and would be based on teaching wider undergraduate audiences by
performing actual research involving novel phages (e.g., getting inspiration from the massively
successful SEA-PHAGES program but focusing on many unusual hosts rather than a few selected ones
(Hanauer et al., 2017)).
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Generation of novel genotype-phenotype associations is highly sought after for many bacterial
genera and their phages to fully unleash the potential of bacteriophages as effective antimicrobials.
Moreover, systematic data on different hosts and their phages is of importance also for the development
and perfecting of the metaviromics analysis approach utility, as training models based on such data will
allow for better predictions of particular phage features from the sequence data alone. Focusing down
on a single less commonplace host genus representatives and retrieving a substantial diversity of both
the respective bacterial strains and phages infecting them are of higher value than describing merely a
single/few isolated phage-host strain pairs. Systematic studies of less commonplace hosts and their
phages are necessary to better understand both the hosts and the viruses generally, yet such efforts of
“going one’s own way” mean building up from way less knowledge already available on a particular
system in contrast to the model systems actively researched in this regard (e.g., mycobacteriophages,
coliphages, Pseudomonas phages, Klebsiella phages).

The creation of DNA bacteriophage collection at the Latvian Biomedical Research and Study
Centre (BMC) by Dr. Dislers dates back to the year 2006. Today this collection consists of more than 70
different bacteriophage isolates from various environmental sources that are already described to a
different degree throughout the years of investigation at LV BMC. The majority of the isolates in the
collection have already been sequenced, and their annotated genomes are being systematically deposited
to the publicly available biological sequence repositories. The most interesting isolates are being
profoundly characterized and their descriptions are being published in relevant scientific journals of the
field. A plethora of unique bacteriophages that represent novel phage genera were isolated during these
studies and have aided in the expansion of the globally known effective phage diversity. The phages
presented within this thesis (Appendix 2) clearly demonstrate that very distinct phages can be readily
retrieved from different environments along with their hosts, although these represent only a small
fraction of the phages stored in our collection.

Before I joined the Latvian Biomedical Research and Study Centre, tailed phage WGS and their
genomic characterization aspects were almost absent in Latvia (single phage Enc34 sequenced and the
genome publicly released accompanied by the genome announcement (Kazaks et al., 2012)), and
characterization of the phages from the collection of our institute was largely confined to microbiological
assays and TEM. I take great pride in the fact that both my long-term co-supervisors Dr. Dislers and Dr.
Kazaks eventually entrusted me with co-developing and further perfecting the dsSDNA phage NGS, de
novo assembly, and genomic characterization workflow we currently use to better acknowledge the
phage diversity in the surrounding environments. Currently, complete and annotated genomes of only
16 novel dsDNA tailed phages that went through our lab are publicly available at INSDC databases,
whereas at least 40 more phages from our lab were additionally sequenced but were not yet annotated in
detail and deposited publicly. With the only funding for these activities at the time coming from a year-
long project “Characterization of DNA bacteriophages isolated from the insect intestine microflora”
awarded to Dr. Dislers (1zp-2020/2-0373). I am very happy that already at this stage my phage genomics
expertise has managed to gain some attention of colleagues from abroad, with whom I eventually had
the pleasure of collaborating, co-writing, and co-publishing articles on the phages they’ve isolated and
I’ve helped to sequence and/or genomically characterize (Akmal et al., 2022; Korniienko et al., 2022).
I genuinely enjoy sharing or applying my expertise when it can be of use and hope for more such
collaborations in the future. I, however, feel very ashamed of the fact that, despite clear indications that
many of our novel phages seem to meet the criteria to represent founding members of novel phage genera
and/or species, I never managed to find time for the preparation of the official taxonomy proposals to be
sent to the ICTV BVS. Preparation of such proposals is definitely a job that needs to be done to increase
the impact our findings might have within the wider research community.

The importance of novel unique phages is also hidden in the fact that their genomes represent a
“vault” of hypothetical proteins with a yet unknown function. Thus, in addition to genomic studies of
phages and their diversity, we have also begun the structural-functional elucidation of the biological role
of the selected proteins found in this “vault” to gain a better understanding of their role in phage and
their host lifecycles. That way a colleague Elina Cernooka was able to determine the structure and
function of several interesting phage proteins, with the findings being expandible to their conserved
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counterparts from other biological objects (e.g., DUF2815-containing hypothetical protein from phage
Enc34 function as a single-stranded DNA binding protein, which is extendible to homologs from other
phages (Cernooka et al., 2017)). Later on, also spearheaded by E. Cernooka, a structure of an unusual
endolysin encoded by phage Enc34 was solved (Cernooka et al., 2022). In addition to the fundamental
research on bacteriophage biology, recently, attempts to evaluate the potential of the practical application
of studied phages or their genome-derived products have been started. Currently, our lab is also in the
middle of a three-year project devoted to “Molecular design of DNA phage-derived endolysins for
targeting Gram-negative bacteria” (Izp-2021/1-0050, awarded to Dr.biol. Tatjana Kazaka). Within this
project we strive to improve the lytic potential of a novel type of globular endolysin from our phage
Enc34 (Cernooka et al., 2022), as well as several selected modular endolysins of other phages, by
modifying their activity to allow lysis of gram-negative hosts when applied from without.

Building upon the results of genomic characterization of the novel bacteriophages isolated from
Antarctic ice-free soil samples during my MSc. studies (Zrelovs, 2020), we have recently managed to
secure a three-year project “Structural and functional studies of proteome encoded by three novel
temperate DNA bacteriophages isolated from Antarctic soil” (Izp-2022/1-0111, awarded to Dr. biol. A.
Kazaks). Pangenome of these three phages (Psychrobacillus phages Perkons and Spoks presented as part
of this thesis, and Sporosarcina phage Lietuvens not included in this thesis) encoded totally for 370
predicted proteins for 239 of which the exact function could not be predicted by similarity searches
through the public biological sequence databases. Among these “dark matter” proteins there is a
considerable number of hypothetical proteins and proteins with domains of unknown function (DUFs)
that show a degree of conservation and are found in proteomes of other phages or even their hosts. Thus,
we aim to solve the structures and attempt to determine the functions for several such proteins, which
would allow us to extend the function to a broader range of homologous proteins. Additionally, we plan
to resolve the temporal transcription pattern of these phages upon infection of the host by implementation
of the phaget+host system transcriptome sequencing at different times post-infection (reasonable
sampling times to be determined by one-step growth curves). Currently, such RNA sequencing activities
seem interesting due to the fact that only several tens of phages seem to have temporally well-resolved
transcriptomes available (Clokie et al., 2020).

In addition to the plans related to the already ongoing projects, we attempt to further pursue basic
dsDNA phage research funding to allow for the characterization of other insect-associated bacteria and
phages — insects represent a very undersampled source from which many more interesting phages are
expected to be relatively easily retrieved. Speaking of applied direction, we will likely try to find ways
to extend our investigations of phages infecting Aderomonas isolated from aquaculture settings to not
only try to evaluate the possibilities for the creation of a locally relevant phage-based biocontrol product
prototype (phage cocktail) but also pursue in-depth investigations of the phage-host interactions that
underpin success or failure of such applications.

As can be seen from the information above, what was kickstarted by my teacher and thesis co-
supervisor Dr. Andris Dislers from scratch and happened in a curiosity-driven fashion without any
dedicated funding for a long time, has resulted in the establishment of a dsDNA phage research direction
novel within Latvia. In 2021 our efforts received a diploma of appreciation from the Latvian Academy
of Sciences for the “Development of a novel DNA bacteriophage isolation and characterization research
direction in Latvia” (awarded to Mg.biol. Nikita Zrelovs, Mg.biol. Elina Cernooka, Dr.biol. Janis
Riimnieks, Dr.biol. Andris Kazaks, Dr.biol. Andris Dislers). Although largely enthusiasm-driven, the
collection of the dsDNA phages from the Latvian Biomedical Research and Study Centre is expected to
incessantly get expanded by the novel phage host pairs, and the ready availability of interesting phages
inevitably leads to new ideas of what do to with them further down the line after isolation and
characterization.

The broader the effective phage diversity readily available at hand — the more opportunities there
are for follow—up research potentially leading to valuable results of broader interest.
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II.

II1.

CONCLUSIONS

There is a great bias regarding the effective phage diversity towards hosts of healthcare and/or
economic importance, many bacteria have no known phages able to infect them.

Virgibacillus siphophage Mimir87 isolated from honeybees is the first completely sequenced
(MK560763) tailed bacteriophage that infects a member of the bacterial genus Virgibacillus and
can be considered for the creation of a novel phage genus as its sole representative.

. Erwinia siphophage Midgardsormr38 isolated from mixed insects represents the first completely

sequenced (MN602881) temperate E. persicina-infecting phage, as well as is a sole
representative of Midgardsormrvirus phage genus.

. Despite the genus Lactococcus being one of the most popular host genera for cultured phages

completely sequenced (nearly 350 phage genome entries available at the time of writing),
Lactococcus siphophage Nocturnel 16 (MW791312) isolated from moth can be considered for
the creation of a novel phage genus as its sole representative.

Temperate siphophages Perkons (MT325768) and Spoks (MT410774) isolated from Antarctic
ice-free soil samples are the first phages shown to be capable of infecting a bacterium from the
genus Psychrobacillus that had their complete annotated genomes publicly available, both can
be considered for the creation of novel phage genera as their sole representatives.

. Morganella myophage Mecenats66 (OL614104) isolated from honeybees utilizes an

evolutionarily distinct subtype of headful packaging and seems to be the ninth cultured virus
capable of infecting bacteria from the genus Morganella, Mecenats66 can be considered for the
creation of a novel phage genus as its sole representative.

Three distinct Pantoea phages - podophages Nifs112 (OK570184) and Nufs112 (OK570185), as
well as myophage Nafs113 (OK570184), were co-isolated from a single grasshopper specimen
but only Nufs112 can be considered for the creation of a novel phage genus as its sole
representative.

THESES

Metaviromics approaches have been instrumental in acknowledging the true extent of viral
diversity in the virosphere, but the current extent of usability of sequence data alone makes
culture-dependent methods indispensable for advancing our current knowledge about
bacteriophages.

It is in our best interest to gain a better understanding of the phage phenomenon to isolate and
sequence not only as many phages as possible but also to make sure to do so from a variety of
ecological niches and with particular attention to less commonplace hosts.

Utilization of bacterial strains recovered from the undersampled environments as phage indicator
cultures allows for a rather consistent isolation of bacteriophages highly divergent from the so
far available effective phage diversity.
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Exemplar
Virion . Genetic isolate . . Selected species
morphology Membrane Tail material | genome Realm Kingdom Phylum Class Order Family example(s)
(b or bp)
leosahedral Alphatectivirus
cosanedral, H . .
with internal + - linear 14.927; Varidnaviria Bamfordvirae Preplasmiviricota Tectiliviricetes Kalamavirales Tectiviridae PRD.l’.
membrane dsDNA 14,935 Betatectivirus
Bam35
Icosahedral, . L
with internal + - circular 10,079 Varidnaviria Bamfordvirae Preplasmiviricota Tectiliviricetes Vinavirales Corticoviridae Corticovirus
membrane dsDNA PM2
Icosahedral, . - .
with internal + - circular 9,174 Varidnaviria Bamfordvirae Preplasmiviricota Ainoaviricetes Lautamovirales | Finnlakeviridae Flnnlak_ewrus
membrane ssDNA FLiP
L L: 6,374, .
Enveloped + . tripartite M: 4,063; Riboviria Orthornavirae Duplornaviricota Vidaverviricetes Mindivirales Cystoviridae Cystoylrus
dsRNA : phi6
S:2,948
Enveloped, circular . . . . . . . . . . . Plasmavirus
pleomorphic + - dsDNA 11,965 incertae sedis incertae sedis incertae sedis incertae sedis incertae sedis Plasmaviridae L2
. L . . s . . - Emesvirus
Spherical - - (+)ssRNA 3,569 Riboviria Orthornavirae Lenarviricota Leviviricetes Norzivirales Fiersviridae zinderi
Filamentous - - glsrlgtlj\ll:\r 6,407 Monodnaviria Loebvirae Hofneiviricota Faserviricetes Tubulavirales Inoviridae Inovirus M13
circular . . . ., - T Sinsheimervirus
Icosahedral - - SSDNA 5,386 Monodnaviria Sangervirae Phixviricota Malgrandaviricetes Petitvirales Microviridae phiX174
icozgﬂ:;g?on - Long, linear 168,903 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis Straboviridae Tequatrovirus
e contractile | dsDNA ' P ggong T4
Icosahedral, Long, non- linear - . . - . . . . Lambdavirus
with tail - contractile dsDNA 48,502 Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis incertae sedis lambda
Icosahedral, Short, non- linear - . . - . . S Teseptimavirus
with tail - contractile dsDNA 39,937 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis | Autographiviridae 17
Icosahedral, Long, linear - . . - . . . . Muvirus
with tail - contractile dSDNA 36,717 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis incertae sedis mu
Prolate : .
. Short, non- linear - . - - . . - Salasvirus
|cc\;;iatt;]etc;rim|)n, - contractile dSDNA 19,282 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis Salasmaviridae phi29
Icosahedral, Long, non- linear - . . - . . . . Ravinvirus
with tail - contractile dSDNA 46,375 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis incertae sedis N15
Icosahedral, Long, linear - . . . . . - Peduovirus
with tail - contractile dSDNA 33,593 | Duplodnaviria | Heunggongvirae Uroviricota Caudoviricetes incertae sedis Peduoviridae P?

Appendix 1. General characteristics and selected taxonomy for some of the most well-studied bacteriophage species used as examples throughout this thesis.




Genome GcC Similarity to the best
Accession Phage length Genome termini content ORF Hypo_thetlcal Morphology Genus Host tc_>ta| scoring BI.‘ASTN
count | proteins (%) hit against the isolated
(bp) (%) -
Caudoviricetes
Short direct Pantoea Erwinia phage vB_EamP-
OK570184.1 Pantoea phage Nifs112 46,202 terminal repeats 50.21 59 47.46% Podophage Eracentumvirus* agalomerans S2 (NC_047917.1;
(296 bp) 99 identity ~88%)
Short direct Pantoea Klebsiella phage 6939
OK570185.1 Pantoea phage Nufs112 45,951 terminal repeats 47.70 67 52.24% Podophage Gen. nov.* (OL362271.1; identity
agglomerans
(410 bp) ~44%)
Circularly permuted Pantoea phage
and terminally o . A Pantoea vB_PagM_LIET2
OK570186.1 Pantoea phage Nafs113 75,899 redundant, no pac 54.07 130 70.00% Myophage Lietduovirus agglomerans (NC_048751.1; identity
site discernible ~90%)
Circularly permuted N/A; no reasonable
and terminally o - similarity to any isolated
0OL614104.1 Morganella phage Mecenats66 86,193 redundant, pac site 49.07 123 68.29% Myophage Gen. nov. Morganella sp. Caudoviricetes (identities
discernible <5%)
. h Lactococcus Lactococcus phage Q54
MW?791312.1 | Lactococcus phage Nocturne116 | 25,554 3'cosoverhang | 37 g9 52 71.15% Siphophage Gen. nov.* . (NC_008364.1; identity
(5-CGCAGTAACT-3") lactis ~2506)
Virgibacillus phage
; 3' cos overhang 0 . - Psychrobacillus Mimir87
MT410774.1 Psychrobacillus phage Spoks 36,472 (5-CGGTAGGGGGA-3) 35.83 52 40.38% Siphophage Gen. nov. psychrodurans (MK560763.1: identity
~11%)
. N/A; no reasonable
Short direct . Lo -
MT325768.1 Psychrobacillus phage Perkons 136,811 terminal repeats 30.59 217 75.58% Siphophage Gen. nov.* Psychrobacillus S|m|Iar|_t¥ to any 'SOI‘?t?d
psychrodurans | Caudoviricetes (identities
(264 bp) <5%)
Circularly permuted Erwinia phage
. . and terminally 0 . . . Erwinia vB_EhrS_49
MN602881.1 | Erwinia phage Midgardsormr38 50,485 redundant, no pac 50.86 93 40.86% Siphophage | Midgardsormrvirus persicina (NC_048197.1; identity
site discernible ~20%)
Halomonas phage
irgibaci imi 3' cos overhang 0 , . Virgibacillus YPHTV-1
MK560763.1 Virgibacillus phage Mimir87 48,016 (5-CGGATGGGC-3) 36.86 68 45.59% Siphophage Gen. nov. halotolerans (ON854455.1; identity
~12%)

Appendix 2. Selected features of the novel tailed bacteriophages isolated within our lab and characterized within this thesis. Asterisk (*) in the genus column
indicates our tentative designations, as only Midgardsormr38 is part of the official ICTV-recognized phage taxonomy as of now.

60




