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Copeland, Conner J., M.S., October 2023 Cellular, Molecular, and Microbial Biology

VIBES: A Workflow for Annotating and Visualizing Viral Sequences Integrated into Bacterial

Genomes

Chairperson: Travis Wheeler

Bacteriophages are viruses that infect bacteria. Many bacteriophages integrate their genomes
into the bacterial chromosome and become prophages. Prophages may substantially burden or
benefit host bacteria fitness, acting in some cases as parasites and in others as mutualists, and
have been demonstrated to increase host virulence. The increasing ease of bacterial genome se-
quencing provides an opportunity to deeply explore prophage prevalence and insertion sites. Here
we present VIBES, a workflow intended to automate prophage annotation in complete bacterial
genome sequences. VIBES provides additional context to prophage annotations by annotating bac-
terial genes and viral proteins in user-provided bacterial and viral genomes. The VIBES pipeline
is implemented as a Nextflow-driven workflow, providing a simple, unified interface for execution
on local, cluster, and cloud computing environments. For each step of the pipeline, a container
including all necessary software dependencies is provided. VIBES produces results in simple tab
separated format and generates intuitive and interactive visualizations for data exploration. De-
spite VIBES’ primary emphasis on prophage annotation, its generic alignment-based design allows
it to be deployed as a general-purpose sequence similarity search manager. We demonstrate the
utility of the VIBES prophage annotation workflow by searching for 178 Pf phage genomes across
1,072 Pseudomonas spp. genomes.
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LIST OF ACRONYMS AND KEY TERMS

• API: Application Programming Interface. A defined interface allowing a piece of software to

be acccessed by other software.

• Att site: Attachment site. AttP is on the phage genome and attB is on the bacterial genome.

• E-value: A statistical measure of the quality of an alignment. For an alignment with score S

produced when searching database D, the E-value represents the number of alignments with

score at least S that are expected to result if D consists of only non-homologous (random)

sequence.

• FASTA: A common sequence file format, in which header lines are denoted by ‘>’ and all

other lines contain sequence. A file containing multiple sequences in FASTA format is called

a multi-FASTA file.

• H-NS: Histone-like nucleoid-structuring protein.

• HMM: Hidden Markov Model. A specific kind of statistical model made up of states and

transition probabilities between states. An HMM can be used to generate sequential data, or

to classify observed sequential data.

• HPC: High Performance Computing, a compute cluster.

• HTML: HyperText Markup Language. Standard language used to generate webpages.

• kb: Kilobase, or 1,000 nucleotides.

• mb: Megabase, or 1,000,000 nucleotides.

• OriC : Origin of chromosomal replication.
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• Pa: Pseudomonas aeruginosa.

• pHMM: Profile HMM. A specialized HMM used to model a biological sequence family, cap-

turing position-specific character probabilities and indel rates.

• Phage: Bacteriophage.

• Prophage: The genetic material of a phage, incorporated into the genome of a bacterium;

able to produce phages if activated.

• Query: A well-characterized sequence or pHMM used as a reference to search for in a sequence

similarity search.

• RAM: Random access memory. Used by computers to store values associated with programs

currently being run.

• ssDNA: Single stranded DNA.

• Target: An unannotated sequence. The subject of a sequence similarity search.

• TSV: Tab-Separated Value file format. Each value in a row is separated by a tab character.

• URL: Uniform Resource Locator. Address of a resource on the Internet.

• VIBES: Viral Integrations in Bacterial genomES. A Nextflow-based workflow manager de-

signed for annotation of prophage within bacterial genomes. The subject of this thesis.
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CHAPTER 1 INTRODUCTION

1.1 Genomes, Genes, and Proteins

A genome is a set of genetic material containing instructions for how an organism will grow,

survive, and reproduce in the context of its environment. In cells, genomes take the form of long

chains (chromosomes) of two interlocking, antiparallel strands of DNA (double-stranded DNA)

made up of a combination of 4 nucleotides represented by the letters A, T, C, and G. Genomes

encode functional molecules as a long series of genes, some of which are functional RNAs, such

as tRNAs, while others encode proteins. The creation of a functional molecule begins when its

gene is transcribed from coding DNA to RNA; if the gene encodes a protein, the RNA is further

translated to amino acids. Access to coding DNA is controlled by regulatory DNA sequences, which

respond to the environment in and around cells, allowing organisms to activate different genes

under different environmental conditions. Changing, inserting, or deleting nucleotide sequences

in a genome (mutations) can therefore significantly impact the behavior of organisms by either

modifying regulatory sequences that control when and in what quantity specific molecules are

produced or by changing, adding, or removing gene products. Put simply, modifying an organism’s

genome has the potential to substantially change how it reacts to its environment.

1.1.1 Bacterial Genomes

In approximately 90% of bacterial species, most or all of the cell’s genome is contained by

a single chromosome [1]. Generally, bacterial genomes take the form of a circular chromosome

that is sometimes accompanied by much smaller plasmids, though there are some cases of linear

bacterial chromosomes [2, 3] or cases in which secondary replicons account for a substantial portion
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of the genome [4]. Bacterial genomes range in size from as small as ∼133kb [5] to as large as

∼14.8mb [6], with a mean length of ∼3.65mb [1]. Unlike eukaryotic genomes, bacterial genomes

exhibit a deletional bias that generally maintains genomes primarily made up of protein-coding

regions [7]. Bacterial protein-coding regions are often organized into operons, or clusters of co-

regulated genes with related functions transcribed as a single mRNA [8].

Circular genome replication is initiated within a single OriC region and proceeds bidirectionally

to a site called dif, which is equidistant from OriC. Two large complexes of enzymes (composed of

DNA polymerases, primases, nucleases, DNA ligases, and various accessory proteins that coordinate

other enzymes and attach the complex to template strands) move down both sides of the genome,

using both strands of DNA as templates simultaneously. This forms two replication forks, which

are preceded by DNA helicases and topoisomerases. DNA polymerases only add nucleotides to the

3’ end of a DNA molecule, complicating replication of the antiparallel strand. Called lagging-strand

synthesis, this is addressed by primases, which form RNA primers that allow DNA polymerase III

(which can only add nucleotides to an existing chain of nucleotides) to synthesize relatively short

sections of complementary DNA known as Okazaki fragments. DNA polymerase I then removes

RNA primers from the lagging strand, replacing them with DNA equivalents. This leaves a break

in the DNA backbone of phosphodiester bonds, which is repaired by DNA ligase. In Escherichia

coli, replication forks proceed until they encounter ter sequences, where Tus proteins bound to the

ter sites terminate replication.

Sometimes, the two daughter DNA molecules join into a chromosome dimer, which is resolved

by the Xer system during the segregation of the daughter chromosomes into daughter cells. A DNA

translocase, FtsK, positions the dimer such that the two copies of the dif site are located in the

division septum, where the Xer system detects two copies of dif and promote recombination at

the site, resolving the dimer (but only following an interaction with FtsK). Sometimes, daughter

chromosomes become interlinked in a process called catenation as a result of the torsional stresses

exerted by replication. Decatenation is mediated by type II topoisomerases, which break one

chromosome to disentangle the daughter molecules. For a more detailed summary of bacterial
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genome replication, see [9].

1.2 Bacteriophage and Host Interactions

1.2.1 Bacteriophage

Bacteriophages (phages), viruses that infect bacteria, are as ubiquitous as their hosts. They are

found everywhere that we find populations of bacteria, from forest soils and the oceans to hydrother-

mal springs and the human gut. Phages pose a significant threat to bacteria: in marine ecosystems,

up to one third of bacteria are killed by phages every day [10]. The strong pressure exerted by

the threat of phage infection has led bacteria to evolve a diverse array of active antiphage defense

systems. Defense system genes are gained and lost at rates higher than any other class of gene [11]

and are often carried by mobile genetic elements (notably including prophages [12, 13]), enabling

rapid dissemination of defenses via horizontal gene transfer [14]. Though antiphage systems em-

ploy diverse mechanisms, defenses generally hinge on two elements: a sensor that detects phage

and an effector that degrades invading phage nucleic acids, disrupts gene expression long enough

for phage nucleic acids to be degraded, or destroys the infected host in a mechanism called abortive

infection [14, 15]. Recent research indicates that nucleic acid degrading defenses are widespread,

accounting for ∼61% of detected antiviral systems [16]. These include restriction-modification sys-

tems [17] and CRISPR-Cas systems [18]. Other relatively widespread defense mechanisms detect

conserved phage proteins and trigger abortive infection [16], possibly because synthesis of phage

proteins indicates an infection so advanced that recovery is likely impossible [14]. Conserved phage

protein sensing systems like Avs [19] and Stk2 [20] primarily target proteins essential for replication

while others similar to DSR [21] and CapRel [22] detect structural components of virions. Another

class of defenses is activated by the disruption of bacterial cell machinery. For example, the PrrC,

ToxIN, and AvcD systems are all triggered when phage replication interrupts the inhibition of their

respective genes, setting off immune responses or abortive infection [23, 24, 25].

Phages can be purely parasitic (lytic) and replicate at the expense of their bacterial hosts.

However, in addition to lytic replication, temperate phages can alternatively undergo lysogenic
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replication in which the phage genome typically integrates into the host chromosome as a prophage

that is replicated each time the host cell divides (vertical transmission). Integration is sometimes

achieved with an integrase, a site-specific recombinase that targets an attachment site (att site)

on the phage genome (attP) and an identical site on the bacterial genome (attB). The phage

genome and bacterial chromosome are recombined such that attP and attB flank the prophage

sequence, enabling the prophage to eventually excise itself from its host genome and begin lytic

replication [26] (Fig 1.1). However, other forms of prophage integration have been identified in

which prophages resemble plasmids and remain in the cytoplasm [27] or integrate into the host

chromosome randomly [28]. Temperate phages are common: studies estimate that 50% [29] or up

to 75% [30] of sequenced bacterial genomes contain at least one prophage.

Figure 1.1: Diagram of prophage integration reproduced from Fogg et al 2014 [31].
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1.2.2 Phage-Host Interactions

Phages have evolved to become adept manipulators of bacterial cellular processes, allowing them

to evade host defenses or improve conditions for viral replication. For instance, viral homologues of

psbA, a bacterial gene associated with photosystem II, are encoded as auxiliary metabolic genes in

the genomes of 88% of phages that infect cyanobacteria [32], likely to minimize disruption of host

photosynthesis during infection and provide better conditions for progeny virion assembly [32, 33].

Prophages benefit from thriving hosts via vertical transmission, which can incentivize the de-

velopment of mutualistic phage-host relationships. A typical form of host-phage mutualism is

lysogenic conversion, a phenomenon in which prophages encode factors that benefit the fitness of

their hosts [34]. For example, some phages carry genes that promote resistance to infection from

competing viruses [35] or encode antiphage defense systems [12, 13], while other phages encode

virulence factors, aiding host pathogenicity [36].

Prophages sometimes modify host gene expression by integrating into or near to regulatory

sequences. In some cases, prophages that disrupt regulatory regions in host genomes have evolved

to excise themselves in response to the same cues that activate transcription of the disrupted gene,

restoring functionality to disrupted genes [37].

1.2.3 Pf Phage

Many bacterial species are lysogenized by filamentous phages in the Inoviridae family [38]. The

Gram-negative opportunistic pathogen Pseudomonas aeruginosa (Pa) is frequently lysogenized by

an inovirus called Pf [39, 40, 41]. Pf virions are made up of an elongated, circular single-stranded

DNA genome bound to several thousand copies of a major coat protein (CoaB) and are capped at

both ends with a minor coat protein (CoaA) [42, 43] (Fig 1.2).

The Pf phage genome can be divided into two general regions: a conserved core genome that

contains genes necessary for essential functions [39] and poorly characterized accessory genes that

flank the core genome (Fig 1.3). Though not all core Pf genes are characterized, those that are

encode the major (coaB) and minor (coaA) coat proteins, an excisionase (xisF ), an integrase
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Figure 1.2: Pf1 virion structure reproduced from Secor et al 2020 [39]. (A) Ribbon diagram with Van der Waals
surface representation of a portion of the assembled Pf1 virion (PDBID: 1PFI) showing the helical arrangement of
CoaB subunits around the ssDNA viral genome. (B) Space-filling model of a single CoaB subunit bound to a stretch
of cytosines. Arg44 and Lys45 are situated on either side of the DNA backbone and act to stabilize it through
electrostatic interactions. Postively charged residues are in blue, neutral residues are in gray, and negatively-charged
residues are in red. (C) Cross-sectional view of five CoaB subunits situated around the packaged viral genome.
Amino acids are colored by charge as in (B).

(intF ), a c repressor (pf4r), an ssDNA binding protein (p5, PAO720 ), a replication initiation

protein (PA0727 ) [39], and a protein that acts both as a host quorum sensing inhibitor and a

superinfection exclusion factor (pfsE ) [44].

Pf phage infection is initiated when the minor coat protein, CoaA, binds to the end of a type

IV pili in a “tip-to-tip fashion” similar to other known inoviruses [42]. Type IV pili mediate twitch

motility by extending and retracting from the cell [45]. When a pilus with an attached phage is

retracted into the periplasm, CoaA interacts with TolA, a secondary receptor protein that is critical

to the function of the Tol/Pal system [46] and thus highly conserved, ensuring its availability for

infection [42]. Little is known of the exact mechanism that allows the phage genome to traverse
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Figure 1.3: Comparison of Pf prophage sequences reproduced from Secor et al 2020 [39]. Core genome operons are
color-coded relative to Pf4. Gray indicates accessory operons.

the inner cell membrane, except that the CoaB major coat proteins are shed into (and retained

by) the inner membrane while the phage genome traverses the membrane and is deposited in the

cytoplasm [42]. Once in the cytoplasm, the phage genome is converted into a replicative form

and enters into either replication or lysogeny, depending on conditions in the host cell [39]. When

replicating, PAO727 recruits host enzymes DNA polymerase III and UvrD and synthesizes copies

of the replicative form and the ssDNA Pf genome via rolling circle replication [47]. Copies of the

Pf genome are stabilized with a single stranded binding protein, PAO720 [48]. Meanwhile, copies

of CoaB and CoaA are produced, and CoaB is inserted into the inner membrane by host enzymes

Sec/YidC [49]. Like all inoviruses, progeny Pf virions are assembled at the cell envelope, where

they can be secreted through the envelope without lysing the host [50] (Fig 1.4).

When conditions favor lysogeny, IntF integrates the genome into the host chromosome as a

prophage. Pf prophages maintain lysogeny by suppressing transcription of XisF, their excisionase

gene, through expression of a c repressor, Pf4r. Pa H-NS family proteins MvaT and MvaU also

coordinate to repress XisF [51]. In response to oxidative stress [52], nutrient limitation [53], or

other factors [54], XisF is desuppressed. XisF represses transcription of Pf4r, positively regulates

the operon containing IntF and PA0727, and excises the prophage from the host chromosome [51].

PA0727 then recruits host enzymes to the replicate form of the prophage genome, initiating repli-

cation [47].
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Figure 1.4: Diagram of Pf lifecycle reproduced from Secor et al 2020 [39]. Infection begins when CoaA (p3, PAO724)
binds to a type IV pilus and the virion is retracted into the periplasm, where CoaA interacts with TolA. CoaB is
shed from the viral genome as it moves through the inner membrane. Once in the cytoplasm, the ssDNA genome is
converted into its replicative form and either integrates as a prophage or initiates viral replication. During replication,
the initiator protein PAO727 recruits DNA polymerase III and UvrD to create additional ssDNA genomes and
replicative forms. ssDNA genomes are stabilized with p5 (PAO720) and targeted to the inner membrane, where
copies of CoaB have been inserted by host enzymes Sec/YidC. P5 is displaced by CoaB as a progeny virion is
assembled and secreted from the cell envelope.

Pf virion replication plays a role in Pa biofilm development by lysing cells in the center of a

colony, releasing DNA that adds to biofilm structural integrity [55]. Pf virions themselves also act

as structural components in Pa biofilms, protecting bacteria from desiccation and antibiotics [56,

57]. Indeed, the presence of Pf virions in the airways of cystic fibrosis patients is associated with

antibiotic resistance [58]. Additionally, Pf virions are immunomodulatory and induce maladaptive

antiviral immune responses that promote infection initiation [59] and interfere with wound healing

by inhibiting keratinocyte migration [60].
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1.3 Sequence Annotation

1.3.1 General introduction

The advent of faster and cheaper genome sequencing has led to an explosion of genomic infor-

mation that has transformed the study of biology, motivating the development of computational

techniques to categorize and label the nucleotide sequences that make up genomes (sequence anno-

tation). Since some genomes, such as those of eukaryotic organisms, can be on the order of billions

of nucleotides in length, it is a formidable challenge to develop sequence annotation methods that

can keep pace with the ever-increasing rate at which genomes are sequenced. Generally, sequence

annotation hinges on an inversion of the observation that two sequences evolved from a common

ancestral sequence will be more similar to each other than will two randomly-selected sequences.

Inverted, the assumption is: if two sequences are more similar to each other than is expected under

random chance, then they are likely to be descendants of a common ancestral sequence, which

implies (but does not guarantee) that the sequences share similar functions. Computational ap-

proaches compare sequences in a process called alignment (Fig 1.5), in which a statistical model

determines whether well-characterized sequences (queries) are evolutionarily related to unannotated

sequences (targets) by inferring likely substitutions, insertions, or deletions. Models compute an

alignment score based on the collection of inferred mutations and a mutation probability model.

High-scoring alignments are suggestive of shared evolutionary history, but even random, unrelated

sequences may produce high-scoring alignments. To provide guidance to the user, annotation tools

usually generate a statistic called the “E-value” which reports the expected number of alignments

producing the reported score by random chance, given the size of query and target databases used

in the search. Modern, sophisticated alignment models take into account information such as per-

position mutation rates and conserved regions in sequence families, enhancing their ability to detect

sequences that are likely related.
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Figure 1.5: Excerpt from sequence alignment of two Pf phage genomes.

1.3.2 Viral Sequence Annotation

The important and varied roles of prophages in bacterial communities — parasites, mutual-

ists, and sometimes pathogenicity aides — motivates the development of high-quality software

methods that identify and classify prophage integrations into bacterial genomes. Generally, phage

sequence annotation tools are designed to annotate either prophages in whole bacterial genome

sequence or phage genome fragments in metagenomic datasets. While tools designed to annotate

prophages integrated into bacterial genomes can be used to annotate metagenomic data (and vice

versa), metagenomics-focused approaches generally only classify sequences as viral or nonviral,

while prophage annotation techniques often include additional analyses such as att site annotation,

bacterial gene annotation, viral gene annotation, and generation of visualizations that summa-

rize output (Table 1.2). Most recent approaches focus on annotation in a metagenomic context, as

metagenomic datasets have proven to be rich sources of previously unknown viral sequences [38, 61].

Viral annotation, particularly in metagenomic contexts, requires tools to strike a balance between

sensitivity and speed. High sensitivity is necessary to overcome high mutation rates in viral pro-

teins combined with an increased risk of sequencing error stemming from the low abundance of

viral sequences in most metagenomic datasets. Meanwhile, reasonable labeling speed is required

when annotating large datasets. As a result of these constraints, viral annotation software has
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generally converged on a few techniques for identifying viral sequences: sequence similarity search

against large databases of viral genomes [62, 63, 64], machine learning approaches based on statis-

tical features such as k -mer frequencies, with a recent emphasis on neural networks [65, 66, 67], or

some combination of both approaches [68, 69, 70]. Viral annotation software often includes further

analysis of predicted prophage regions to help filter out false positives. Common approaches for

further analysis of potential prophage regions include clustering regions of phage-like genes, analyz-

ing sequences based on features thought to be indicative of phage genomes, and machine learning

classification by models trained to distinguish bacterial and phage DNA sequences (Table 1.1).

1.3.3 Whole Bacterial Genome Prophage Annotation Tools

PHASTEST [71] is a recent update of PHASTER [62], a popular web-server based approach.

PHASTEST identifies phage-like genes by searching submitted bacterial genomes for open read-

ing frames with Prodigal, then searching translated amino acid sequences against a database

of phages/prophages and phage genes with BLAST+. Phage-like genes are then clustered into

prophage regions with the DBSCAN clustering algorithm and labeled intact, incomplete, or ques-

tionable. PHASTEST also annotates bacterial genomes with protein-coding genes using Diamond

BLAST and reports the GC content percentage of phage regions, along with viral gene annota-

tions. To run PHASTEST on a dedicated cluster, users can submit individual bacterial genomes

on its website or submit batch jobs through PHASTEST’s command line URL API interface. To

reduce queue waiting times for individuals seeking to annotate large volumes of bacterial genomes,

PHASTEST also offers a Docker [72] container that enables local execution of the tool.

DBSCAN-SWA [63] is a recent approach similar to PHASTEST. DBSCAN-SWA searches bac-

terial genomes against a database of 10,463 complete prophage and 684,292 phage proteins with

Diamond BLASTP to identify phage-like genes, which are then clustered into prophage regions by

a version of DBSCAN coupled with a sliding window algorithm. By default, clusters of at least 6

phage-like genes with a distance of no more than 3kb between each gene qualify as prophage regions.

DBSCAN-SWA also provides phage gene annotations, tRNA annotation, att site annotation, and
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Tool Primary Do-
main

Phage Detec-
tion

Verification
Analysis

Visual
Out-
put

Availability

DBSCAN-SWA Whole genome Similarity
search

Clustering
phage-like
genes

Yes Web server,
command line
software

DeepVirFinder Metagenomic ML classifier N/A No Command line
software

PHASTEST Whole genome Similarity
search

Clustering
phage-like
genes

Yes Web server

Prophage
Hunter

Whole genome Similarity
search

ML classifier Yes Command line
software

VIBRANT Metagenomic Similarity
search

ML classifier,
feature analysis

No Web server,
command line
software

VirFinder Metagenomic ML classifier N/A No Command line
software

VirSorter Metagenomic Similarity
search

Feature analy-
sis

No Command line
software

VirSorter2 Metagenomic Similarity
search

ML classifier No Web server,
command line
software

Virtifier Metagenomic ML classifier N/A No Command line
software

Table 1.1: Overview of viral annotation software.

bacterial gene annotation through Prokka [73]. DBSCAN-SWA is available both through a web

server that users can submit individual genomes to and as command line software that users can

run themselves.

Prophage Hunter [70] is another whole genome prophage annotation tool that has two modes: a

more sensitive mode that uses sequence similarity search and an alternative, similarity-search-free

mode. In similarity search mode, Prophage Hunter uses BLASTX to search genomes for matches

to libraries of phage genes that the authors found particularly indicative of prophage integrations.
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Tool Att site annotation Bacterial gene annotation Viral gene annotation Output visuals

DBSCAN-SWA ✓ ✓ ✓ ✓

PHASTEST ✓ ✓ ✓ ✓

Prophage Hunter ✓ - - ✓

Table 1.2: Features of prophage annotation software.

Regions with hits are further searched against Pfam [74] with InterProScan [75] for hits to domains

that occur in the phage gene libraries. In the alternative mode, the bacterial genome is split

into 10kb windows that are assigned a score based on 24 sequence summary statistics associated

with prophages. 20kb windows upstream and downstream of regions with sufficient matches to

phage genes or a sufficiently high feature score are searched for direct repeats indicative of att sites

with BLASTN and then classified as host or prophage sequences by a logistic regression model

trained on the aforementioned 24 sequence features. Prophage Hunter’s output include prophage

regions labeled as active, ambiguous, or inactive, phage protein-coding gene annotations, and att

site annotations. The Prophage Hunter publication links to a web server, but the website seems to

have been removed. However, the Prophage Hunter code is available via a GitHub repository.

All of the above methods generate visual summaries that increase the legibility of their output.

Both DBSCAN-SWA and Prophage Hunter are available as stand-alone software that can be run

by researchers seeking to conduct large-scale analysis in a cluster or cloud computing environment,

but require installation of prerequisite software and manual creation of job submission scripts to run

in HPC environments. This significantly increases the minimum computational skillset necessary

to conduct large-scale analysis of prophage integrated into complete bacterial genome sequences.

PHASTEST somewhat alleviates this by offering a containerized version of their approach, re-

ducing the need to install prerequisites. However, managing widescale execution of containerized

PHASTEST instances in a HPC environment through job submission scripts or other customized

approaches is still left to end users, leaving intact a significant minimum computational skillset

requirement to deploy the tool at scale.



16

1.4 VIBES

Here, we introduce and describe VIBES, an automated command line workflow for annota-

tion of bacterial genomes that emphasizes identification of prophage integrations. VIBES supple-

ments standard bacterial gene labeling with in-depth analysis of prophage integrations, producing

machine- and human-readable text output files coupled with interactive HTML visualizations that

facilitate further analysis of output data. VIBES is designed to:

• annotate prophages with high sensitivity;

• annotate bacterial genes on input genomes, using Prokka [73];

• annotate viral genes within input viral genomes, using the PHROG database [76];

• accept a potentially large number of bacterial genomes and candidate phage genomes as input;

• substantially reduce prerequisite installation and automatically manage distribution of work-

load to cluster/cloud/local resources; and

• create interactive HTML visuals that display the above, as well as display which regions that

map to user input prophagess are most prevalent among all input bacterial genomes.

To the best of our knowledge, VIBES is the first prophage annotation software approach that

includes output visualizations designed to facilitate investigation of patterns of prophage integration

and shared prophage-host homology across entire target bacterial genome datasets. VIBES is also

the first prophage annotation approach that is engineered to enable efficient, massively-parallelized

prophage search and genome annotation by end users on a wide variety of hardware and compute

environments. VIBES also has the capacity to serve as manager of massively-parallelized sequence

similarity searches, even if the queries and targets of those searches are not prophages and bacteria,

respectively.
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CHAPTER 2 METHODS

2.1 Implementation

VIBES (Viral Integrations in Bacterial genomES) is an automated prophage search work-

flow that uses containerized components coordinated by the Nextflow workflow management soft-

ware [77] to produce output tab-separated value (TSV) annotation tables accompanied by inter-

active HTML files that summarize matches to prophage sequences. To annotate prophage inte-

grations, VIBES is provided with an input FASTA file containing all prophage sequences to seek

and a collection of bacterial genomes in FASTA format to annotate with prophages; it performs

search using the software nhmmer [78]. To annotate bacterial protein-coding genes, rRNA, and

tRNA, VIBES uses Prokka [73]. To annotate query prophage protein-coding genes, VIBES uses

the BATH protein-coding DNA annotation software [79] and the PHROG v4 prokaryotic viral pro-

tein database [76] by default. The user can optionally substitute their own viral protein database.

Figure 2.1 provides a visual representation of the three independent annotation workflows, run in

parallel and managed by VIBES, that produce bacterial gene annotations, viral sequence integra-

tions, and viral gene annotations.

Before running VIBES, the user must install a software container system such as Docker [72]

or Singularity/Apptainer [80] (usually the latter on HPC systems, where VIBES is likely to be uti-

lized). These container systems enable the development and release of portable and reproducible

software environments with fine-grained control over configuration and dependency conflicts while

also retaining high performance. The user must also install the workflow management software

Nextflow. Nextflow manages downloading and running containers, submits jobs to compute clus-

ter job scheduling software (i.e. SLURM) or cloud computing architectures (i.e. AWS Batch),
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Figure 2.1: VIBES workflow schematic. Displays how input data moves through the VIBES annotation workflow.
Bacterial gene annotation processes are yellow, prophage annotation processes are green, viral gene annotation
processes are blue, and visualization processes are red. The annotation processes are independent of each other.
Stacked icons indicate processes parallelized automatically by Nextflow.
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caches and checkpoints in-progress jobs in case of a crash, provides interpretable workflow status

updates, runs on a wide variety of operating systems and hardware configurations, and can run

VIBES locally as needed. After a user configures the workflow to run on their system and launches

it, Nextflow requires no further user interaction to identify task dependencies, automatically max-

imizing parallelism by running as many tasks with satisfied dependencies as available resources

allow.

The VIBES release consists of a Nextflow workflow script, several helper scripts written in

Python and Perl, JavaScript and HTML files that produce the visualizations, and a Docker image

that manages the internal configuration and dependency map of multiple tools. VIBES software

and workflow can be found at https://github.com/TravisWheelerLab/VIBES.

Tool Purpose

BATH [79] Annotation of protein-coding DNA on query prophage

Easel [81] Determine length of input bacterial genome sequence

nhmmer [78] DNA-to-DNA identification of prophages on bacterial genomes

Prokka [73] Bacterial genome annotation

Table 2.1: Dependencies managed by VIBES Docker container.

Here, we describe each component of VIBES and its interactive visual output.

2.2 VIBES Components

2.2.1 Prophage Search Component

The primary component of the VIBES workflow is its prophage search. This component searches

for user-provided query prophage sequences within bacterial genomes to identify prophage integra-

tions. Identification of prophage within bacterial genomes is performed using a DNA sequence

annotation tool, nhmmer [78], with default settings. Though it is slower than blastn [82], nhm-

mer ’s improved sensitivity in the face of high sequence divergence and neutral mutation [78] is

useful in the context of prophages, which can mutate at rates comparable to ssRNA viruses [83]
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and may show substantial divergence from query sequences. In general, any matches to a query

prophage that fail to meet an E-value threshold (1e-5 by default) are discarded.

Sequence annotation tools such as nhmmer frequently produce fragmented alignments when

presented with sequences highly diverged from the query sequences, particularly when a match

contains a large inserted or deleted element relative to its nearest query. As a result, single prophage

integrations may be reported as several fragments that lie close to each other on a bacterial genome

in nhmmer output. To address these potentially fragmented integrations, VIBES includes a post-

processing step that examines every match detected on a single bacterial genome, looking for

consecutive matches that satisfy all of the following criteria: potential fragments must match to

the same query phage sequence (Fig 2.2A), occur in the same order on the bacterial genome as

on the query (Fig 2.2B), be close to each other on the bacterial genome (Fig 2.2Ca), and overlap

minimally on the query phage (Fig 2.2Cb). Gaps between two matches on the query prophage

sequence are not penalized, as they may represent large deletions. Matches that meet these criteria

are assigned a common integration ID that instructs the interactive visual component to display the

fragments together rather than separately (see Interactive Visuals), effectively joining the fragments

into a single integration.

2.2.2 Gene Annotation of Both Viral and Bacterial Genomes

VIBES provides supplementary context to identification and investigation of prophage integra-

tion sites by identifying protein-coding genes in both full bacterial genomes and query prophage

sequences. Each bacterial genome is annotated using the annotation tool Prokka [73] via StaPH-

B’s Docker image [84], supporting gene annotation without requiring users to download or set up

sequence databases. Like the prophage search component, each bacterial genome is annotated in-

dependently of other genomes, allowing Nextflow to fan out as many parallel Prokka annotation

tasks as resources permit.

VIBES also produces gene annotations for the user-provided prophage sequences with its vi-

ral protein-coding gene annotation component. This component uses a translated search tool,
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Figure 2.2: Depicts all conditions that must be met for consecutive matches to be joined (assigned the same integration
ID and displayed as one integration in visual output). A: Join candidates must be assigned to the same query phage.
B: Join candidates must occur in the same order on both the query phage and target bacterial genomes. Ca: Given
a query phage genome of length n, a match that ends at position i on the bacterial genome, and a consecutive match
that begins at position j, two matches are considered near enough for fragment joining if |i − j| ≤ n ∗ k, where k
is a fragment gap threshold value set to 0.25 by default. Cb: Given a fragment whose match to the query viral
genome ends at position s and a consecutive fragment whose match to the query viral genome begins at position
t, the fragments are joined only when |t − s| ≤ θ, where θ is a constant set to 50 by default. Large gaps between
matches on the query prophages are not penalized, as they may represent large deletions.

BATH [79], to search a viral protein database against prophage DNA sequences. Translated search

tools like BATH do not penalize neutral mutations that change DNA sequences without modifying

the encoded protein sequence, making them especially well-suited to annotating sequences with

high mutation rates such as viral genomes. BATH’s translated search is also robust to frameshift-

inducing insertions or deletions, which can confound other translated search tools. By default,

VIBES uses the PHROG v4 viral gene database [76] reformatted as a BATH-compatible HMM

database, but users can substitute other amino acid sequence or HMM databases as desired (see
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Section 4.1.1).

Although VIBES was developed with annotating prophage integrations in mind, it is primarily a

framework for managing and parallelizing runs of nhmmer, Prokka, and BATH with some prophage-

annotation-specific features (the default PHROG database is phage-specific and the VIBES-SODA

visualization suite assumes query sequences are prophage). In particular, the Prophage Search

Component simply searches for matches to a query database (prophages by design) in a set of

target genomes (bacteria by design) and can easily be repurposed by providing the workflow with

a non-phage query sequence file and a set of non-prokaryotic genomes. Likewise, the Prokka

bacterial gene annotation and BATH translated amino annotation components can be used to

orchestrate massively parallel protein-coding sequence annotation, even on datasets where prophage

integrations are not of interest (see Section 4.1.1).

2.2.3 Interactive Visual Generation

To facilitate further analysis and improve human readability of results, VIBES produces dy-

namic annotation visualizations in HTML files that can be opened in a web browser. These visuals

depict prophage annotations, bacterial gene annotations, and viral gene annotations. After all other

workflow tasks are complete, VIBES generates a collection of HTML files, each of which contains

a dynamic visualization built with the SODA sequence annotation visualization library [85], each

of which contains interactive annotation visualizations for its associated genome. The HTML files

may be opened locally in a web browser, or they may be hosted on a web server. The generated

interactive visualizations are described in Section 3.1.3.

2.3 Pf Prophage Search

To demonstrate the utility of VIBES as a prophage identification tool, we searched 1072 Pseu-

domonas isolates from 130 species (Table 2.2) for integrations of 178 Pf phage variants. Pseu-

domonas spp. genomes were acquired from the Pseudomonas Genome Database (v21.1) [86]. Some

records in the database were renamed to resolve characters that conflict with standard Bash com-
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mands while three records contained no sequence information. Two of the three empty records

were populated with data from GenBank while the third was determined to be redundant and

deleted. Phage sequence coordinates for 179 partial or complete Pf prophages were obtained from

a study examining Pf prophage lineages [40]. 126 Pa genomes were downloaded using accession

IDs provided in the study, from which 179 Pf prophages were extracted and assigned identifiers.

One phage sequence, labeled vs015, contained a substantial insertion that extended the length of

the sequence to over 70kb. Such a long query sequence requires a prohibitive amount of memory

to search for, so vs015 was removed from our query database, leaving a total of 178 Pf prophage

query sequences.

Analysis was conducted on the University of Arizona’s Puma HPC cluster on nodes that each

contain 94 AMD EPYC 7642 cores and 512 GB of RAM.

Species Count

Pseudomonas aeruginosa 494

Pseudomonas chlororaphis 55

Pseudomonas putida 49

Pseudomonas syringae 48

Pseudomonas fluorescens 39

Pseudomonas stutzeri 21

Pseudomonas protegens 20

Pseudomonas monteilii 10

Pseudomonas amygdali 9

Pseudmonas brassicacearum 8

Table 2.2: 10 most prevalent Pseudomonas species with complete genome sequences available
in the Pseudomonas Genome Database. 120 additional species occurred at a lower frequency.
Additionally, several genomes were not assigned to a species.
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CHAPTER 3 RESULTS

3.1 Overview of VIBES Output Features

3.1.1 Detected Prophages in Bacterial Genomes

For each input bacterial genome, VIBES produces a tab-separated value (TSV) file describing

each detected potential prophage sequence in the genome. The TSV fields include matching phage

name, match E-value, score, match start and end positions on both query (phage) and target

(bacterial) sequences, match strand, a match integration ID (see Prophage Search Component

under Methods and Materials), and a full-length field populated with True (full length) or False

(partial). By default, a match is called full length if it is at least 70% the length of the best-matching

prophage sequence, though this parameter can be modified by the user.

3.1.2 Bacterial and Viral Gene Annotation

Annotation of genes within bacterial genomes are generated by Prokka with its default annota-

tion databases and settings. For each bacterial genome, full Prokka output is saved and optionally

compressed into a zipped tar archive. Annotations of genes within prophage genomes are output in

their own TSV format files with fields identical to those produced for prophage annotations except

the match ID field, which is excluded for phage gene annotations.

3.1.3 Interactive HTML Visual Output (Fig 3.1)

After each workflow process has completed, VIBES produces the SODA-based HTML visual-

ization files. The interactive representations of the workflow’s output allows users to investigate

annotations in a bacterial genome and potential prophages with the following components:
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Figure 3.1: Example VIBES interactive annotation visualization page, displaying a bacterial replicon with gene
and prophage annotations, where the selected integration falls on the closest-matching viral genome, and viral gene
annotations. 3A: The full interactive visualization page. 3B: The bacterial replicon plot includes 2 modes to
represent a selected bacterial replicon: linear and circular, both marked with integration and gene annotations. 3C:
The position occurrence plot displays information about a selected integration, related integrations, and prophage
gene annotations. 3D: The query phage gene annotation table contains detailed information about gene annotations
on the closest matching user provided phage genome.
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3.1.3.1 Bacterial Replicon Plots (Fig 3.1B)

The visualizations include both circular and linear representations of the selected replicon (users

can switch the view between the chromosome and other replicons). Both representations of the

replicon are marked with detected viral integrations (yellow) and bacterial genes (blue) to assist

in analysis of integrations and phage landing sites. Hovering over a blue bacterial gene marker

displays the name of the gene, while hovering over a yellow phage integration marker displays the

name of the prophage. Users can select a viral integration to inspect it more closely (see Position

Occurrence Plot below). Users can zoom in on the replicon and click and drag to pan across the

genome, making gene or integration annotations larger and easier to interact with; simultaneously,

the currently visible portion of the genome is highlighted in gray across the replicon along top of

the page. The circular genome can be changed to a linear representation, and vice versa, by clicking

the linear button below the interactive replicon.

3.1.3.2 Position Occurrence Plot (Fig 3.1C)

To assist users in investigating patterns of phage integration, a position-specific occurrence plot

is displayed for a selected integration. The selected integration may be changed by clicking on a

corresponding glyph in the genome annotation chart, or via the drop-down input at the top of the

plot. The x-axis of the plot corresponds to each position (nucleotide) in a query phage sequence

while the y-axis displays a count at each position summing every occurrence of that position in every

integration in the dataset, emphasizing regions of a phage sequence that most often integrate into

host genomes. The blue shaded region along the x-axis displays the extent of the currently selected

integration on the query sequence it matched to. Yellow bars over the x-axis show where any other

integrations matching to the same query phage on the selected bacterial genome matched to the

query, indicating regions of the phage integrated repeatedly into the same genome. The yellow bars

indicating where other integrations of the same phage fall on the viral genome can be hidden by

clicking the hide related button located under the position occurrence plot. Under the x-axis, red

bars display where viral gene annotations fall on the phage genome. Hovering over a viral gene
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annotation bar shows the name of the gene, while clicking on it highlights its row on the query

phage gene annotation table.

3.1.3.3 Query Phage Gene Annotation Table (Fig 3.1D)

At the bottom of the visualization is a table of viral protein-coding gene annotations on query

phage sequence most closely matching the currently selected integration. The phage gene annota-

tion table contains a row for each annotated gene displaying its name, start and end positions on

the query phage genome, annotation e-value, start and end positions relative to the reference gene

amino acid sequence, and an alignment figure that visually depicts the extent of the match on the

query phage sequence (blue line) compared to the reference amino acid sequence (red line).

3.2 Ground Truth Data Comparison

To assess the performance of the workflow on known prophages, I ran VIBES against two ref-

erence Pa genomes, PAO1 and UCBPP-PA14, which contain Pf4 [87] and Pf5 [88], respectively.

Both genome sequences were obtained from the Pseudomonas Genome Database [86]. Pf4 and Pf5

prophage were extracted from their hosts and provided to VIBES as queries. To indicate the perfor-

mace of VIBES relative to other prophage annotation tools, I also submitted the genome sequences

of PAO1 and UCBPP-PA14 to DBSCAN-SWA and PHASTEST through their web servers. These

tools use de novo annotation databases to annotate prophages via their web servers, and so are not

directly comparable to VIBES (as VIBES was given exact query sequences to search for in each

respective genome). Still, I think it is useful to see whether the outputs of the three approaches are

similar or dissimilar to each other. I attempted to also submit both genomes to Prophage Hunter,

but its web server is no longer available and issues encountered during local installation prevented

its involvement. Results of the ground truth data comparison are summarized in Table 3.1.

VIBES was run on default settings and set to filter out results shorter than 1kb, as in the Broad

Spectrum Analysis 3.3.1. VIBES ran its searches in parallel, completing both in 880 seconds. Both

VIBES and PHASTEST generate bacterial genome annotations, output visualizations, and viral
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Tool PAO1 Runtime
(s)

PA14 Runtime
(s)

PAO1 Prophage UCBPP-PA14
Prophage

DBSCAN-SWA 387 414 None None

PHASTEST 536 552 1 Intact YMC11,
1 Intact Pf1

1 Incomplete
YMC11, 1 Intact
Pf1

VIBES 880 (both) 880 (both) 1 Full (Pf4) 1 Full (Pf5)

Table 3.1: Summary of ground truth annotation of PAO1 and UCBPP-PA14 with Pf4 and Pf5.

gene annotations. As expected, VIBES recovers a full-length Pf4 integration in PAO1 spanning

from PA0714 - PA0729.1 [87] and a full-length Pf5 integration in UCBPP-PA14 spanning from

PA14 48870 - PA14 49040 [88]. Notably, VIBES did not identify any other sequences in PAO1

or PA14 that matched to Pf4 or Pf5 and were long enough to pass the 1kb filter. PHASTEST

recovered 1 Pf1 integration, which it ranked intact, in a 15.8kb window centered on the location of

Pf4 in PAO1 and 1 Pf1 integration, ranked intact, in a 18.2kb window centered on Pf5 in UCBPP-

PA14. DBSCAN-SWA did not detect prophages in either genome, but this could occur if its de

novo annotation database does not contain queries homologous to Pf4 or Pf5.

3.3 Application To Pseudomonas spp. Datasets

To explore the utility of the VIBES workflow for identifying (possibly fragmented) phage in-

tegrations within bacterial isolates, I applied it to two different Pseudomonas spp. and Pf phage

datasets.

3.3.1 Broad Spectrum Pseudomonas Analysis

This analysis was conducted on the dataset composed of 1,072 publicly available Pseudomonas

spp. genomes obtained from the Pseudomonas Genome Database [86] and 178 Pf phage variants

published in a study on Pf phage lineages [40]. Nextflow reported that the prophage detection

component of the workflow consumed 13,526.3 CPU hours across 2,099 tasks in its prophage search
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component, 398.8 CPU hours across 1,072 tasks in its bacterial gene annotation component, and

49.7 CPU hours across 539 tasks in its viral gene annotation component, totaling 13,974.8 CPU

hours consumed across a total of 3,710 tasks (more details on resource usage can be found in

Table 3.2).

Component Total
CPU
Hours

Tasks
Run

Most Expen-
sive Process

CPUs Al-
located

Mean RAM Mean Runtime
(minutes)

Prophage
Search

13,526.3 2,099 nhmmer 2 36.8 GB 412.5

Bacterial
Gene Anno-
tation

398.8 1,072 Prokka 6 901.2 MB 3.5

Viral Protein
Annotation

49.7 539 BATH 2 403.5 MB 8.6

Table 3.2: Resource usage. CPUs Allocated, Mean RAM, and Mean Runtime all display values for
the most expensive process in each component, as the computational cost of other elements were
negligible. GB stands for gigabyte and MB stands for megabyte.

VIBES reported 51,386 partial and 517 full-length Pf phage integrations. Of the 51,903 integra-

tions identified, 1,398 were composite integrations formed by 2 or more fragments joined together.

The vast majority of reported integrations were less than 1,500 nucleotides in length (Fig 3.2).

Although the workflow was set to discard matches less than 1,000 nucleotides in length, the median

and average lengths of identified integrations were 1,240 and 2,419 respectively.

3.3.2 Comparison to Special-Purpose Analysis of Pf Phage in P. aeruginosa

To evaluate the general-purpose VIBES workflow’s value for prophage discovery, I compared its

results to a custom-built tool designed to identify Pf prophages. The dataset used in the comparison

is composed of 91 P. aeruginosa clinical isolates sequenced by Elizabeth Burgener in the Bollyky

lab [89] and shared with us during development of VIBES. Julie Portois in the Bollyky lab developed

a custom-built pipeline that identifies full-length Pf prophages in bacterial genomes using BLAST
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Figure 3.2: Integration Length Bin Plot. Counts of integrations binned by length, where joined integrations were
summed together. The y-axis uses a log scale due to the large number of short integrations identified.

searches for conserved Pf phage genes [personal communication, manuscript in prep]. I used VIBES

to search the bacterial genomes with 2 Pf phage genomes, Pf1 and Pf7. The Bollyky lab pipeline

identified 41 complete Pf prophages while VIBES identified 24 full and 21 partial prophages. VIBES

recovered all prohages identified by the Bollyky lab pipeline, though it called 21 of those prophages

partial rather than full-length, likely a result of the prophage query database (only two phage

genomes) failing to broadly represent Pf phage diversity. Of these 21 partial integrations, all but

one covered at least 30% of their query phage genome, with each mapping to regions of query phage

genomes containing at least 5 genes. VIBES also identified 1 full length and 3 partial integrations

not called by the Bollyky lab pipeline, which discards partial integrations.
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CHAPTER 4 DISCUSSION

4.1 Recommended Usage

VIBES is best-suited to conduct large-scale analysis of relatively well-characterized prophages

in cluster or cloud computing environments where parallelization of search processes yields the

largest gains, and where the impact of its convenience features (prerequisite management with

Docker/Singularity and job orchestration and automated job management via Nextflow) are most

pronounced. VIBES is also well-suited to large-scale analyses of homologous sequences shared

between prophages and host genomes, given the high sensitivity of nhmmer search to distant

homology [78] relative to other sequence similarity search software. As indicated by the comparison

to the Bollyky lab pipeline, VIBES may be more effective than other tools at detecting prophage

fragments, which are missing the majority of the phage genome due to either incomplete integration

or post-integration mutational events [90].

VIBES may also be useful as a secondary step in de novo prophage annotation. Other tools,

such as PHASTEST [71], are well-suited to identifying prophage integrations, but provide rela-

tively coarse annotations (as seen in the Ground Truth analysis, Section 3.2, in which PHASTEST

characterized Pf4 and Pf5 as integrations of Pf1 and identified regions containing the prophages,

rather than exact prophage boundaries). Once integrations have been coarsely identified and users

have a notion of what prophage sequences to supply as queries, VIBES is relatively well suited to

determine exact prophage strains and more precise integration boundaries if prophage regions are

provided as target sequences.
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4.1.1 Alternative Use of the VIBES Workflow

To a large degree, VIBES is a workflow that coordinates sequence similarity search and bacterial

genome annotation when supplied with target and query sequences. The only VIBES components

that impose requirements apart from target sequences in FASTA format and queries sequences in

a multi-FASTA file are Prokka [73] annotation (which requires bacterial sequence input) and visu-

alization generation (which assumes that targets are bacterial genomes and queries are prophages).

As a result, users are essentially free to use VIBES to conduct searches against nucleotide sequences

as they see fit, so long as they specify query sequence type (DNA, RNA, or amino) and disable

incompatible workflow components through the VIBES configuration file.

Users who wish to annotate one or more nucleotide sequences with other nucleotide sequences

can do so by creating a multi-FASTA file of desired queries supplied to the phage file argument in

the VIBES configuration file. Desired targets should be in FASTA format and stored together in

a folder specified by the genome files argument. To conduct nucleotide-to-nucleotide search, the

detect integrations argument (which enables or disables nhmmer search) should be set to true and

the seq type arugment set to either dna or rna in lowercase. As an example of this kind of use,

the VIBES workflow was used to annotate target sequences with potential primer queries during

workflow development.

Users who want to annotate nucleotide sequences with proteins can do so by creating a multi-

FASTA file of protein queries, supplied to the viral protein db argument, and a folder of FASTA

format nucleotide queries, supplied to the genome files argument. To conduct translated search,

the annotate phage genes argument (which enables or disables BATH search) should be set to

true. As an example of this kind of use, we used VIBES to search for PHROG v4 protein family

members [76] in the genome of a eukaryotic organism, Rana temporaria (the common frog) [91].

4.1.2 Investigating VIBES Output

Following annotation steps, VIBES provides users with its interactive visual output to enable

further investigation of potential prophage sequences. From the visual output, users can see the
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extent of a match relative to its nearest query, annotated bacterial genes, annotated genes on the

query viral genome, and other nearby matches (Fig. 3.1). Presence of a prophage on the target

genome is signaled by either a relatively long match to a query phage sequence that spans several

gene-coding regions or a cluster of matches to one query phage sequence. On the other hand,

a short, isolated match to a query sequence that spans a single gene is ambiguous. If the gene

spanned by the short match corresponds to a protein typically associated with viruses, such as

an integrase or a gene known to be conserved in some viral families, it may be the case that the

match is the only region of a prophage sequence that shares sufficient similarity with the query

sequences submitted by the user. In this case, users could further analyze these potentially viral

ambiguous sequences by extracting a ∼20-30kb window centered on the match with a tool such as

seqkit subseq [92]. Extracted windows could be re-submitted to VIBES with only the viral gene

annotation subworkflow enabled for annotation with PHROGs [76], or could be submitted to other

annotation software with good support for de novo annotation such as PHASTEST [71].

Short, isolated matches may also signal a homologous region of bacterial sequence that is not of

viral origin. Some phage genomes have been found to carry viral homologues of bacterial metabolic

genes [33, 93]. The presence of such homologous genes in query prophage genomes may therefore

lead to matches to bacterial gene sequences that are not necessarily acquired from prophage. In

these cases, spikes on the Position Occurrence Plot in interactive visual output (Fig. 3.1C) over

single genes with many more matches than other regions of the query genome may represent regions

of homology to relatively common bacterial genes. Comparing these matches to annotated bacterial

genes at the same location on the target genome may also help resolve whether the regions are of

bacterial or viral origin.

4.2 Limitations and Future Directions

4.2.1 Integration Splitting

Currently, VIBES employs a relatively simple, heuristic approach to addressing integrations split

into multiple matches by regions of low similarity to query prophages. While such split integrations
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are apparent in interactive visual output due to the close proximity of matches belonging to the

same integration, this may lead to simple programmatic analyses of VIBES output overcounting

detected integrations. This is especially true in the worst case scenario of one integration being split

up by matches to different query prophage sequences, which might occur if the target integration

is the result of recombination between two query viruses [90, 34] or belongs to a family that is

descended from a common ancestor of the two matching queries. In such a case, the heuristic

approach to joining split integrations currently employed by VIBES will fail to join the constituent

matches into one integration.

This limitation may be better addressed by the addition of a match clustering step, similar to

the approach used by PHASTEST and DBSCAN-SWA [63] to narrow down potential prophage

regions. Such an approach is discussed in depth in Section 4.2.2. Another potential solution is

the adaptation of an annotation adjudication approach akin to AURORA [94] (previously named

PolyA [95]), which would enable the VIBES to better decide between two queries that match one

target region, handle recombination between query strains more effectively, and improve phage-

host boundary detection. AURORA is designed to operate in the domain of transposable element

annotation, so software engineering work to adapt it to prophage annotation is likely necessary for

optimal performance.

4.2.2 Lack of Prophage Verification Analysis

A major limitation of the VIBES workflow is its omission of techniques that automatically score

the likelihood of each hit to a query prophage sequence representing a complete or partial prophage

sequence, rather than a homologous non-phage region of the host genome. As a result, VIBES

output is noisy compared to other prophage annotation software. For example, VIBES reported

tens of thousands of ∼1kb hits to query Pf phage sequences in the broad spectrum Pseudomonas

analysis (Fig. 3.2), many of which are likely hits to proteins on Pseudomonas spp. genomes that

are homologous to proteins carried on some Pf phage sequences in my query database. While

VIBES provides some coarse-grained analysis of these sequences via the Position Occurrence Plot
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(Fig. 3.1C) in interactive visual output and its complete/partial classification, determining exactly

which short hits to query viruses are remnant prophages and which short hits are homologous

sequences of bacterial origin is currently left to the user. While this may be desirable in some

analyses, in most cases this poses a substantial analytical burden that other approaches seek to

address.

An simple extension of the workflow that would enable further verification of phage sequences

would be the addition of a Nextflow process employing a tool such as CheckV [96], which is designed

to characterize the quality of metagenome-assembled viral genomes and predict boundaries between

bacterial and viral sequences. This would require some re-tooling of the last stages of the pipeline,

but would not require implementation of a new verification approach.

One potential extension that would address both resolving split integrations and verifying po-

tential prophages would be the inclusion of a phage-like region clustering step, similar to the DB-

SCAN clustering approach employed by both PHASTEST and DBSCAN-SWA. Essentially, this

allows users to set a minimum number of matches to phage genes and a minimum match density

for a target genome region to be labeled as a prophage. This would filter out all short, isolated

matches to query phage sequences in VIBES output, significantly reducing the number of matches

currently reported by the workflow. Such an approach would also handle cases of single prophage

integrations split into multiple matches by regions of low similarity, and would be more robust

to handling cases where those matches point to different query sequences than the current match

joining strategy employed by VIBES. However, this clustering technique may filter out matches to

distantly related prophage regions that only share homology with query phages in a small number

of highly conserved genes.

Another potential avenue for implementing prophage verification analysis draws inspiration

from Virsorter [64] and Virsorter2 [68], two metagenomics-focused annotation tools that use HM-

MER similarity search software to initially identify regions with matches to phage protein sequence

families. Both tools extend HMMER search with analysis of sequence features thought to signal

phage regions, such as more heavily weighting matches to ‘hallmark viral genes’, density of vi-
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ral gene annotations, gene size, and GC content. Virsorter2 extends this analysis by computing

more sequence features and including random forest models trained on features of different viral

groups and which provide a high-level taxonomic assignment of detected phage regions. This sort

of prophage verification analysis would provide VIBES with a means of evaluating potentially vi-

ral sequences that does not strictly depend on detecting sizeable clusters of matches, which could

maintain relatively high sensitivity to distantly homologous prophages while providing a means of

filtering out ambiguous bacterial sequences. Extending VIBES with this sort of sequence feature

analysis would require substantial modifications and additions to the workflow.

Another potential means of filtering viral and nonviral sequences would be training a neural

network to distinguish between the two. Neural network approaches for classifying sequences as

viral/nonviral are still relatively new, but tend to outperform other methods in sensitivity to dis-

tantly homologous viruses [97]. Such an addition to the VIBES workflow would require substantial

work to engineer and train, including careful construction of training and test datasets that would

allow rigorous evaluation of the model’s performance and maximally mitigate the dataset compo-

sition bias discussed in Section 4.2.5. A potential means of achieving this is by downloading a

large dataset of phage sequences, such as PhageScope [98] and clustering its constituent sequences

based on nucleotide sequence similarity with a tool such as CD-HIT [99]. This would allow for

the construction of testing sets containing phage sequences with little or no similarity to sequences

in the training set, allowing for evaluation on ‘novel’ (from the perspective of the model) phages.

Public release of such a dataset may itself have value, since many viral classification models use

relatively course methods of splitting training and testing sets, such as splitting by sequence upload

date.

4.2.3 Limited de novo Annotation Supoort

The default VIBES workflow does little to support de novo annotation of phage sequences,

in which bacterial genomes are scanned for a broad range of reference prophages. Currently, to

conduct such an analysis with VIBES, users would have to identify or construct a multi-FASTA
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file containing a diverse set of known temperate phage genomes or multiple sequence alignments

of related phage genomes. De novo annotation is further hampered by the lack of further analysis

of potential prophages identified by VIBES, discussed above, which makes it more difficult to

discern prophage regions from homologous bacterial sequences, especially when given a diverse set

of temperate phage queries.

This limitation could be addressed by the generation of a default VIBES de novo annotation

database. Such a database could be supplied to VIBES as its query file without further modifi-

cation of the workflow, maintaining the ability for users to substitute their own queries. De novo

viral annotation databases used by similarity search approaches typically contain viral protein se-

quences [64, 68, 69, 70], though some do use viral nucleotide sequences [62, 63]. Phage protein

sequences could be sourced from databases such as IMG/VR [100], pVOGs [101], or PHROG [76].

To maximize search sensitivity to distant homologues, sequences should be clustered into protein

families, and each family aligned with multiple sequence alignment software such as MAFFT [102].

Aligned protein families can then be provided to VIBES in a multi-FASTA query file, which the

workflow will use to generate profile Hidden Markov Models that capture information about con-

served regions and likely mutations for each protein family [103].

4.2.4 Lack of Search Tool Options

Though the nhmmer search algorithm is more sensitive to distant homology than other search

algorithms [78], it is relatively computationally expensive. Indeed, viral sequence annotation tools

that use HMMER search algorithms have been demonstrated to be among the slowest annota-

tion techniques [104]. Users seeking to conduct large-scale search who are willing to trade lower

sensitivity for lower program runtime or resource usage may therefore be dissuaded from using

VIBES.

This limitation is relative easy to address through the addition of a broader choice of sequence

similarity search tools with less expected sensitivity and resource usage such as LAST, a fast DNA

to DNA search tool [105], or blastn [82]. Inclusion of other search tools would primarily require
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modification of the VIBES Nextflow script, tool output parsing scripts, and configuration file, a

relatively straightforward task for developers familiar with Nextflow.

4.2.5 General Caveats to Viral Sequence Annotation

It is worth spending some time discussing caveats that apply not just to the VIBES workflow, but

to viral sequence annotation generally. A significant challenge facing the field is the highly biased

composition of the relatively limited set of complete genomes sequenced from samples isolated in

labs. A 2021 study seeking to compile the complete genomes of phages isolated from bacterial

hosts identified 14,244 such genomes available at the time [106]. 75% of the phages in their dataset

(INPHARED) are derived from only 30 bacterial genera, while ∼54% of temperate phage genomes

were isolated from only 3 host genera. The dataset also displayed a significant bias in favor of

lytic phage genomes, with only ∼30% of the sequences in their dataset predicted to contain genes

necessary for the initiation of a lysogenic cycle.

When taking into account phage genomes computationally predicted from sources such as

metagenomic data, a considerably larger quantity of sequences is available. One recently compiled

database boasts a library of over 765,000 nonredundant putative phage sequences [98]. However,

the results of computational techniques that seek to annotate phage sequences depend heavily

on isolated and sequenced phage genomes that ultimately comprise our ground truth datasets.

Techniques that employ sequence similarity search can only find sequences with some amount of

homology to sequences in the query database, while machine learning techniques (especially neural

network approaches, which have recently been popular in viral sequence analysis and annotation

methods [66, 67, 69, 107]) are vulnerable to dataset composition biases that skew their predic-

tions [108, 109]. The impact of this dataset composition bias is evident in the findings of a recent

benchmarking study: all benchmarked models and tools were less sensitive to phages not in the

class Caudoviricetes, whose members make up ∼93% of publicly available phage sequences on Ref-

Seq [97]. These limitations are not intractable, and computational techniques have been successfully

employed in the identification of novel phages [110, 111], but should nevertheless be kept in mind
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when evaluating computationally predicted phage sequences.

Another limitation facing the field generally is the absence of standardized, widely used perfor-

mance benchmarks. Currently, each viral sequence annotation tool uses its own, likely imperfect

means of benchmarking performance. Some approaches, including mine, demonstrate usefulness

with an analysis or a ground truth comparison. Other approaches measure performance by con-

structing in-house benchmarking datasets, but some only report accuracy while others additionally

report precision, recall, and F1 metrics. This smear of approaches makes it difficult to comprehen-

sively compare the performance of different tools without independent testing [104, 97], as even

when detailed metrics are reported, they are generally reported on different datasets. Though

independent testing of tools is obviously valuable, the viral annotation software development com-

munity, and my work in particular, would benefit from the development of a standard core of

benchmarks that developers could use to assess tool performance across a variety of relevant tasks

such as viral sequence identification, viral gene annotation, and att site annotation. This would

allow for direct comparison to existing approaches and alleviate the need to devise new benchmarks

to demonstrate the efficacy of each tool. Centralized benchmarks have been especially successful

in driving innovation in protein structure prediction [112], genome assembly [113], protein function

prediction [114], and multiple sequence alignment [115].

4.2.6 Additional Future Directions

Another potential extension of VIBES would be the inclusion of an att site annotation technique.

This is a somewhat common feature of prophage annotation software (Table 1.2) that has use in

determining the exact boundaries of prophage regions in which att sites remain intact. This could

be accomplished by setting an existing sequence similarity search tool to look for short, exact

repeats in a window around matches to query prophages [70], or by devising a search tool designed

explicitly to search for direct flanking repeats.



40

BIBLIOGRAPHY

[1] diCenzo George C. and Finan Turlough M., “The divided bacterial genome: Structure, func-

tion, and evolution,” Microbiol. Mol. Biol. Rev., vol. 81, no. 3, pp. 10.1128/mmbr.00 019–17,

Aug. 2017.

[2] C. Baril, C. Richaud, G. Baranton, and I. S. Saint Girons, “Linear chromosome of borrelia

burgdorferi,” Res. Microbiol., vol. 140, no. 8, pp. 507–516, Oct. 1989.

[3] M. S. Ferdows and A. G. Barbour, “Megabase-sized linear DNA in the bacterium borrelia

burgdorferi, the lyme disease agent,” Proc. Natl. Acad. Sci. U. S. A., vol. 86, no. 15, pp.

5969–5973, Aug. 1989.

[4] P. S. G. Chain, V. J. Denef, K. T. Konstantinidis, L. M. Vergez, L. Agulló, V. L. Reyes,
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