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ABSTRACT

Viruses that infect and eliminate bacteria are known as bacteriophages, or ‘phage’. Through
various ecosystems, such as the human microbiome, the animal gut, marine, and soil, they are
remarkably abundant and diverse. Phages have mosaic genome are composed of modules with
unique evolutionary histories. The phages mosaicism contributes to the incredibly diversity
observed among phages and poses challenges for their classification. In recent years,
bacteriophage taxonomy has developed from the morphology-based to the genome-based
classification principle. This reflects the genome classification provides more comprehensive

and accurate basis for understanding phage relationships with evolution.

This study utilises the Levenshtein distance as an important tool for assessing the similarity
among phage genomes. The distance is computed by evaluating the least number of string
modifications, which encompass insertions, deletions, and substitutions, required to transform
one string another. This has the potential to effectively recognise between phage genomes based

on their evolutionary relationships with functional diversity.

The International Committee on Taxonomy of Viruses (ICTV) has recently implemented a
genome-based taxonomy to enhance the classification of viruses, including phages. This
transition highlights the importances of bioinformatics. To increase our understanding of
viruses and to enable researchers to analyse genomes using computational algorithms, to
facilitate the identification of phage functions and the comparison of phages genomes to

understand their relationship together with potential applications.

The number of phage genomes in the National Center for Biotechnology Information (NCBI)
database has increased significantly as a result of advancements in molecular techniques since
the late 20™ century. Phage taxonomy has been substantially enhanced by bioinformatics
algorithms. Nevertheless, the current methodologies continue to have their limitations. In
particular, the approaches for comparing phage genomes may not fully convey the complexity
of genome arrangement and synteny. This serves to highlight the importance of conducting
further research on algorithms that would accurately and comprehensively represent the entire

spectrum of phage diversity.

The objective of this thesis is to evaluate the efficacy of genome similarity analysis by utilising
the Levenshtein distance and generating phylogenetic trees. This method functions as both an

alternative method for phage classification and an investigation of the extent to which the gene
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arrangement within genomes is consistent with the current taxonomic classification. Moreover,
its efficacy is evaluated in comparison to the current classification principle. The analysis has
the potential to offer valuable insights into phage classification, which could be instrumental
in the comprehension of phage biology, the prediction of phage-host interactions, and the
development of precise classification systems for the effective use of phages in therapy and

other applications.

The phage genomes datasets were compiled from the NCBI Genbank database. Genome
similarity was then computed using the Levenshtein and Mash distances. The phylogenies were
constructed from the Levenshtein distance and visualised using the Interactive Tree Of Life
(iTOL) online tool. Numerous phage characteristics, including genome length, bacterial host,
and viral taxonomy, were employed to analyse these trees. To evaluate the correlation between
the two-distance metrics, tanglegrams were generated. The potential of this method to
investigate the relationship between phage gene arrangement and phage taxonomy is illustrated
by the results of this study. Research in the future should expand the phage dataset and

investigate in several algorithm methods.

Keywords: Bioinformatics, Bacteriophages, Levenshtein Distance, Phage Taxonomy, Phage

Classification
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CHAPTER 1 - INTRODUCTION

Bacteriophages, also known as phages, are viruses uniquely capable of infecting and replicating
within bacteria hosts. With approximately 103! phages on our planet, phages are the most
abundant biological entities in various biome, from the human gut to soil and the marine, to
fossil stool specimens. As a result, they have a significant impact on the diversity of microbial
ecosystems and have facilitated the development of complex evolution (Dion et al., 2020;
Rohwer & Edwards, 2002). As illustrated in Figure 1, phage genomes frequently exhibit mosaic
architecture, which is characterised by variable regions, unknown functions genes, and open
reading frames, as a result of their uniquity and diverse in environments (Belcaid et al., 2010;
Kang et al., 2017). This has challenged phage taxonomy, which organised phage by structure,
bacterial hosts, and genomic types (Dion et al., 2020).

=
3
F
( ; B Intcgrasc
e m Portal
} = - = Tail
} Holin
= Transposase
a B Terminase
y B - Endonucicase
= M Capsid
= B Antitermination
= Holliday Junction
‘ Baseplate assembly
= Primosomal

- Protease-like
M Lysin

Toxic
M Lysozyme

18D

Diversity

Stability

Interindividual
ariation

|
o E f
r—m"'liPl;ll'!ll
| : ‘ \

Figure 1. (Right) The diagram shows the phages abundant in various environments including
the marine, soil, and human microbiome, adapted from Dion et al. (2020). (Left) Protein
functions diversity in phage genome, which are annotated by colour and a line represents a

phage genomic pattern, derived from Kang et al. (2017)

This comprehension of the gene arrangements in phage genomes can offer valuable insights
into their evolutionary history. In Figure 2A, the gene arrangements and orders show how
species share a common ancestor, how genes move from one species to another, or how they
have changed to survive in different features (Moura de Sousa et al., 2021). Analysis gene

arrangements represent the phages evolution and their capabilities. This is important for the



application of phages in medicine and biotechnology, particularly in gene transfer, phage
treatment, and the drug development for against antibiotic-resistant bacteria (Susanna R

Grigson et al., 2023; Mallawaarachchi et al., 2023; Strathdee et al., 2023).
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Figure 2. (A) Diagram of the bacteriophage mechanism in the Ilytic and lysogenic cycle,
created with BioRender (2021). (B) Illustration of phage therapy applications in environmental
management, human and animal health (Strathdee et al., 2023). (C) Schema of phage
classification based on morphology and genome type, including single- and double-stranded

DNA and RNA viruses, adapted from Dion et al. (2020).

1.1 Aims

In this project, the Levenshtein distance method is used to compare phages within each gene
function group and phylogenetic trees to demonstrate phage genome relationships. Employing
bioinformatics techniques to demonstrate that the Levenshtein distance could provide novel

insights into phage diversity and evolution (Dorlass & Amgarten, 2024).

There are main goals for the project. The primary objective is to assess the efficacy of genome
similarity analysis through the algorithm implication and the phylogenetic trees. Develop a
preliminary prototype to apply this method to phage genomes and evaluate genome similarity

to accurately reflect evolutionary relationships.



Secondly, the methodology was developed and used to an expanded phage genome dataset,
which is larger as well as more varied than the first phage dataset, to validate the algorithm and

assess its generalisability.

Lastly, this study aims to determine the distance outcome of the Levenshtein distance in

comparison to established classification techniques such as Mash distance.

1.2 Bacteriophages

Bacteriophages are commonly called phages. These are viruses with diverse structures and
highly mosaic genomes. They can infect, destroy, and replicate within bacteria cells (Alsayed
& Permana, 2024; Kang et al., 2017). Phages exhibit high host specificity, targeting bacterial
species or stains. As seen in Figure 2A that show primary life cycles, including lytic and
lysogenic cycles, which provide lytic and temperate phages. Lytic phages, also known as
virulent phages, are crucial in medical applications to control bacteria populations. They can
synthesise their genetic materials and proteins before being released from the host cells to infect
other bacteria (Alsayed & Permana, 2024; E. White & V. Orlova, 2020; Susanna R. Grigson et
al., 2023)

Phages are crucial in shaping microbial ecosystems and driving their evolution. These bacterial
viruses infect and lyse their bacteria hosts, helping to maintain microbial balance and prevent
the pathogens from overgrowing. Moreover, phages contribute their own evolution and
bacterial evolution through horizontal gene transfer. They encourage the spread of beneficial

traits like against antimicrobial resistance (Casey et al., 2021).

Phages have unique qualities that are employed in medicine, agriculture, and biotechnology. In
medicine and pharmacology, phages are explored as alternative antibiotics against antibiotic-
resistant pathogens. Phage therapy offers a precision approach to infection control through
specific targeting bacteria and avoids destroying beneficial microbiota (Alsayed & Permana,
2024). In agriculture, phage cocktails are utilised as biocontrol agents to combat plant diseases
caused by bacteria. Also, phages serve as valuable tools in biotechnology for genetic
engineering and molecular studies, including, CRISPR-Cas, diagnostic probes, genes and

protein transfer (Jo et al., 2023; Strathdee et al., 2023), as outlined in Figure 2B.

The study of comparative analysis in phage genomes would have the potential to gain insight
into phage taxonomy classification and allow researchers to modify phages, which would have

significant implications for phage therapy, evolution, and bacterial resistance drug novelty.



1.3 Phage Taxonomy: The Classification of Bacteriophages

Phage Taxonomy provides a framework for organising and understanding the vast diversity of
bacteriophages. Traditionally, the classification has been based on various characteristics, for
example, morphology, nucleic acid type, replication, host, and diseases (E. White & V. Orlova,
2020). The International Committee on Taxonomy of Viruses (ICTV), the authoritative body
responsible for classifying and naming viruses, developed a taxonomy order system based on
culturing phages and visualising them under electron microscopy (Rohwer & Edwards, 2002;
Simmonds et al., 2023). In 2022, the Bacterial Viruses Subcommittee (BVS) of the ICTV
implemented significant changes, adopting a classification system based on genome analysis.
This reflects the growing importance of genomics in understanding viral insight and has the

goal of developing a universal virus taxonomy (Turner et al., 2023), as presented in Figure 3.

Comparative analysis focuses on identifying similarities and differences between phages at the
genetic level. That allows us to characterise phages and interpret meaningful information
(Rossi et al., 2024). Due to the phage diversity with advances in genomic technology, numerous
new strains are found and added to the GenBank database as the vast number illustrated in
Figure 4 (Adriaenssens & Brister, 2017). To gain insight at the genomic level, comparative
analysis through bioinformatics will provide more understanding of complex phages genomes

(Dorlass & Amgarten, 2024).

Figure removed due to copyright restriction.

Figure 3. Phage classification between the years 1991 to 2019 and 2019 represents the
increased the taxonomy structure since the ICTV employed genomic-based classification

(Gorbalenya et al., 2020, International Committee on Taxonomy of Viruses Executive et al.,

2020).
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Figure 4. The increasing of phage databases since 1997, which present the phage nucleotide
sequences published each year in the International Nucleotide Sequence Database Consortium
(INSDC) that searching in the GenBank NCBI database, adapted from Adriaenssens and
Brister (2017).

1.4 Bioinformatics: Computational Methods for Biological

Hogeweg (2011) provided a definition of bioinformatics as “the study of informatic processes
in biotic systems” in the early 1970s (Hogeweg & Hesper, 1978), then after the 1980s, this term
represents the computational approaches for genome comparative analysis and interpreting
biological data. Currently, bioinformatics is related to various science disciplines and
associated with many support systems in the computational area, as shown in Figure 5 (Pathak
et al., 2022). Especially, the genomic database has increased in number as well as the phage

genome data (Adriaenssens & Brister, 2017; Mount, 2001).

Bioinformatics also has emerged as a critical tool in the study of bacteriophages (Cresawn et
al., 2011). This research utilises computational algorithms, including the Levenshtein
distances, for genome function and similarity analysis. Moreover, we are expected to gain
insight into their diversity and function through phylogenetic analysis (Mount, 2001).
Quantifying the genomic relationship between phages could uncover the evolutionary
relationships and offer an alternative to refine phage taxonomy based on genomic data
(Edwards et al., 2016). Furthermore, that could enable the identification of specific gene

arrangements associated with phage functions at the genomic level.
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Figure 5. Schema of support system for bioinformatics associated with scientific disciplines,
created in BioRender.com.
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sequences to small sequence sets using k-mers and estimates the distance by the Jaccard
equation, J(A,B). Mashtree then uses the neighbour-joining algorithm to generate a

dendrogram, adapted from Ondov et al. (2016) and Katz et al. (2019).
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1.5 Mash Distance: A Sequences Comparison Tool

Mash distance is a bioinformatics tool that uses the MinHash module to calculate similarity
based on the k-mers and the Jaccard index (Ondov et al., 2016). That had been employed in the
Mashtree algorithm package for rapidly and efficiently generating large phylogenetic trees
(Katz et al., 2019). Figure 6 illustrates the Mash distance concept for analysing two genome

sequences and highlights the GitHub packages used in this research.

1.6 Levenshtein Distance: From Linguistics to Bioinformatics

The Levenstein distance, developed in 1995, is an algorithm for measuring the similarity
between two words (Levenshtein, 1966). This calculates the smallest number of edits
consisting of insertions, deletions, and substitutions comparing the transformation of one string
into another in the field of computer science (Bachmann et al., 2021). Initially, The Levenstein
distance was implemented in linguistics. Now, this method has proven valuable in a broad
range of applications, for instance, generating destination matrices in transportation (Behara et
al., 2020), developing dictionary lookup methods (Haldar & Mukhopadhyay, 2011), searching
biological database (Berger et al., 2021), and applying machine learning for health records
(Hossain et al., 2023). The algorithm has also found applications in bioinformatics for
clustering sequences data (Logan et al., 2022) and analysing multiplex DNA sequences

(Buschmann & Bystrykh, 2013).

This research employs The Levenshtein distance to compute phage genome similarity
computation from gene functions, as outlined in Figure 7, that the grouped gene function strings
were calculated similarity by following mathematic equations in two-dimension metric. The
python-Levenshtein package serve as the main tool for the vast data analysis (Bachmann et al.,

2021).

This approach offers novel alternative for phage classification based on genomics data. Which
could significantly increase understanding of phage diversity, phage-host interactions, genomic
region properties, and evolution. These would contribute to accelerating classification, provide

valuable insight and lead to development in therapeutic applications.



Figure(s) removed due to copyright restriction.

Figure 7. Demonstration of use of the Levenshtein algorithm to phage genome similarity
computations concept. The two annotated function codes of the phage genes shown at the top
are converted into letter sets, which are then analysed using the Levenshtein distance GitHub

package (Bachmann et al., 2021) to determine the similarity between the genomes.



CHAPTER 2 - MATERIALS AND METHODS

This study applies the Levenshtein distance and phylogenetic tree to determine the potential

uses for phage genome classification. The methodology is outlined in Figure 8 below.

2.1 Phage Genomes Dataset.

The phage genomes dataset was compiled from the NCBI GenBank database with the
INfrastructure for a PHAge REference Database (INPHARED) published by the Millard lab

(https://millardlab.org/phage-genomes-may-2024/). Gene functions annotation was performed

using pharokka v1.4.0 (Bouras et al., 2023). This compilation was facilitated by the Flinders
HPC DeepThought (Flinders University, 2021). Subsequently, the dataset was processed into
nested dictionaries in pickle format. This methodology was developed with the support of Susie
Grigson, a PhD candidate in the FAME lab, College of Science and Engineering, Flinders

University.

2.2 Calculation of Levenshtein Distance.

The Levenshtein distance was calculated using Python implementation sourced from GitHub
(Bachmann et al., 2021). As presented in Figure 7, this distance metric quantifies the minimum
number of edit operations, consisting of insertions, deletions, and substitutions (Logan et al.,
2022), required to transform one genome into another. This package is employed to compute
the distance between phage genome functions in the dataset using optimised algorithms in
Python v3.10.12 within Google Colab notebooks. The results provided a measure of similarity
between genome functions in the dataset, which was then converted to Newick format using
average linkage hierarchical clustering before generating the phylogenetic trees. The method

code is shown in Appendix A.

2.3 Calculation of Mash Distance.

Multi-Phage genomes as a FASTA file was separated into individual genome sequences.
MashTree was downloaded and installed from GitHub (Katz et al., 2019; Ondov et al., 2016)
and implemented in Bash v4.4.20 on Jupyter notebook within the Flinders DeepThought HPC
(Flinders University, 2021) following the command in Appendix B. The Mash distance results

were also encoded into Newick format.


https://millardlab.org/phage-genomes-may-2024/

2.4 Phylogenetic Tree Generation.

The Interactive Tree Of Life (https://itol.embl.de), an online tool, was used to produce a tree
from the Newick format distance matrices (Letunic & Bork, 2024). The phage genome tree
was analysed based on genome length, bacterial host, viral family, viral sub-family, viral genus,
lower viral taxa (Cook et al., 2021), and by using different tree display types e.g. circular

rooted, circular unrooted, and dendrogram. The iTOL setting provided in Appendix C.

2.5 Tanglegrams Generation.

Tanglegrams were also generated from the Newick format, which were the results of the
distance computation methods. This was performed in the Colab environment using the R
programming language v4.4.2 with the dendextend package (Galili, 2015; Grigson et al., 2022),
according to appendix D. This approach allowed for the manipulation of complex data inputs

and facilitated the comparison of trees through visualisation (Galili, 2015).
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Figure 8. Overview of the approach utilised to achieve the research objectives. (A) The
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phylogenetic tree generated from the result matrix. (B) Analysis of the enhanced dataset for

genome similarity using the Levenshtein distance. (C) Comparison of the previous results with
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CHAPTER 3 — RESULTS

3.1 Levenshtein Distance for Phage Genome Similarity Analysis

3.1.1 Preliminary Prototype

The initial goal of this research was to demonstrate proof of the concept. This was achieved by
analysing five randomly selected phage genomes, regardless of phage families and their host
bacteria. Python code, executed in the Colab, was implemented to calculate the Levenshtein
distance between the phages and reformat the output to Newick format for phylogenetic tree
construction. The code was designed to be modular and scalable, facilitating future expansion
to larger datasets. The phylogenetic tree in Figure 7A, generated using iTOL, reflects genome

similarity and has the potential to provide insights into phage taxonomy classification.

3.1.2 Enhanced Dataset

The Levenshtein distance code from the preliminary method was applied to an enhanced
dataset consisting of 381 phage genomes. The resulting phylogenetic trees were analysed and
visualised using iTOL, exploring various features such as genome length, bacterial host, and
viral taxonomy. Different modes were employed, including rectangular, circular rooted and
unrooted. Figure 9A and 10 demonstrated that the Levenshtein distance effectively captured
relationships associated with genome length. In the circular tree, the position progresses from
the highest to lowest genome length, then transitions to respect the viral family. These results
indicate that the similarity measured by the Levenshtein distance reflects both genome length

and the viral family, which are related to gene function.

3.2 Comparison of The Levenshtein and The Mash Distances

The Levenshtein distances calculated from the increased dataset were compared with those
obtained using the Mash distance on the same dataset. Figure 9 presents a comparison of the
circular phylogenetic trees created using both distance algorithms, illustrating their relationship
across different annotated dataset groups with the same varies of phage classification.
Additionally, the comparison is visualised in the Tanglegram presented in Figure 11. The
tanglegram reveals overview relationships between the phylogenetic trees rendered using the
Levenshtein distance (Left) and the Mash distance (Right), with an entanglement value of

0.576.

12



Figure removed due to copyright restriction.

Figure 9. Comparison of circular phylogenies of the 381 phages dataset illustrating the
relationship between the phages, based on bacterial host, viral family, sub-family, genera,
lowest taxonomic level, and genome length. (A) Phylogenetic trees obtained from the

Levenshtein distance and (B) The Mash distance, generated by iTOL (Letunic & Bork, 2024).
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Figure removed due to copyright restriction.

Figure 10. Phylogenetic trees of the 381-phage dataset using the Levenshtein distance,
displayed in circular (Left) and dendrogram (Right). The colors are annotated to the viral
family of the phages, and the light blue bar presented to the phage genome length. The trees
generated by iTOL (Letunic & Bork, 2024).
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Figure 11. Tanglegram comparing the Levenshtein distance (Left) and the Mash distance
(Right) phylogenies. The coloured clusters enable comparison of distance results for the same
381 phages dataset, with the entanglement value of 0.576. The blue dot clusters represent
polytomy areas in the Mash distance tress, and the significance of the difference patterns.

(Generated using R studio in the Colab)
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CHAPTER 4 — DISCUSSION

4.1 Levenshtein Distance for Phage Genome Similarity Analysis

The preliminary method provided insight into phage similarity using the Levenshtein algorithm
and displayed its potential for phage classification field. Therefore, we focused on analysing
the expanded phage dataset comprising 381 entities. Figure 9A illustrates the capacity of the
Levenshtein distance to capture some taxonomic relationships. When examining viral family
relationships between phages, Figure 10 shows that the phylogenetic trees clearly support the
validity of the existing viral families Straboviridae and Autographiviridae, represented as
yellow and light blue groups, respectively. Both viral families were recently abolished in the

ICTV taxonomy update (Turner et al., 2023).

While the clustering of other phages is distinctly separated, most of them are grouped according
to genome length, from the longest to shortest. This observation supports the notion that the
Levenshtein distance is sensitive to data length, consistent with previous findings (Berger et
al., 2021; Buschmann & Bystrykh, 2013; Logan et al., 2022). This sensitivity could be
attributed to longer genomes naturally having a higher potential for accumulating insertions,
deletions, and substitutions, which directly influence the Levenshtein distance calculation

(Bachmann et al., 2021).

4.2 Comparison of The Levenshtein and The Mash Distances

The Tanglegram in Figure 11 provides a visual comparison of the phylogenies generated using
the Levenshtein and the Mash distances. The entanglement value of 0.576 indicates a moderate
level of incongruence between the two dendrograms, that represents there have some harmony

clusters in the overall, but also observable differences across the dendrograms (Galili, 2015).

Notably, the clustering highlighted by the blue dotted squares in Figure 11 signifies polytomies
in the Mash distance dendrogram. Polytomy indicates unsolved relationships, where the Mash
distance analysis had not sufficient information to determine the branching order within those
groups (Krone et al., 2021). This suggests that the Levenshtein distance might offer a higher
resolution in certain cases, potentially due to its sensitivity to the length and positions of edits

within the genomes.

These discrepancies emphasise the limitations of relying solely on overall phage similarity, as

captured by the Mash distance. The Levenshtein distance provided a more nuanced view of
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phage relationships by considering the specific functions and positions of editing between

genomes, which could be crucial for understanding the evolutionary and phages diversity.

4.3 Limitations and Future Directions

This study had limitations regarding the time available to expand the dataset and to conduct a

comprehensive comparison with other related algorithms.

Future research should address those limitations to gain more complete understanding of the
strengths and weaknesses of the Levenshtein distance in phage genome analysis. In addition,
studying more diverse phage databases would enhance the resolution and generalisation of the
algorithm. Furthermore, comparison with other genome analysis approaches could provide
their relative performance and identify the most suitable methods for the phage universal

classification.

4.4 Conclusion

This thesis examined the effectiveness of the Levenshtein distance for enhanced bacteriophage
genome analysis. Applying this approach to the phage genome dataset demonstrated the
potential of the Levenshtein distance to compute genome similarity. These findings highlight
the adeptness of this method for exploring the relationship between gene functions arrangement
and taxonomy. While this study focused on a specific set of phages, future research could
expand this analysis to a wider range of phage databases and explore the integration of other
genomic features into the phage classification framework. Finally, this research exhibits the
value of the Levenshtein distance as a potent tool for enhancing phage genome analysis and

advancing the understanding of these significant biological entities.
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APPENDICES

Appendix A — Levenshtein Distance Calculation

#Python work on Colab environment

import pickle
with open('/content/drive/MyDrive/Colab Notebooks/prophage category subset_16042024.pkl’,
'rb') as f:
phage_data = pickle.load(f)
data_type = type(phage_data)

#install Levenshtein python package
Ipip install python-Levenshtein

# Print the new dictionary which replace '.' to '-'
new_phage_data = {}
for key, value in phage_data.items():
new_key = key.replace(".", "-")
new_phage_data[new_key] = value

print(new_phage data)

#convert list to dataframe for analysis

import pandas as pd

df_n = pd.DataFrame.from_dict(new_phage_data, orient='index")

#Letters are represented to Categories, the different types of the gene in the phage.

letters_ndata = df_n['letters']

#Analyse Levenshtein distance from the dataframe
from Levenshtein import distance
def calculate_all distances(letters_ndata):
distances = []
for i in range(len(letters_ndata)):
textl = letters_ndata[i]
for j in range(i + 1, len(letters_ndata)):
text2 = letters_ndata[j]
distances.append(distance(textl, text2))

return distances

all distances = calculate_all_distances(letters_ndata)

print(all_distances)
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# Conversion Levenshtein distance to Newick in Python

import numpy as np

from scipy.cluster.hierarchy import linkage, to_tree

# take keys and categories to comparation
keys_and_categories = []
for key, value in phages_data.items():
categories = value.get('categories', []) # Handle cases where 'categories' might be
missing
keys_and_categories.append((key, categories))
keys = [key for key, _ in keys_and_categories]

cate_ndata = [categories for _, categories in keys_and_categories]

# Perform hierarchical clustering by average linkage

Z = linkage(all_distances, method="average')

# Convert the linkage matrix to a tree object

tree = to_tree(Z, False)

# Define a function to get the Newick string
def NewickForm(node, newick, treedist, label_names):
if node.is_leaf():
return "%s:%.2f%s" % (leaf_names[node.id], treedist - node.dist, newick)
else:
if len(newick) > 0:
newick = "):%.2f%s" % (treedist - node.dist, newick)
else:
newick = ");"
newick = NewickForm(node.get_left(), newick, node.dist, label_names)
newick = NewickForm(node.get_right(), ",%s" % (newick), node.dist, label _names)
newick = "(%s" % (newick)

return newick

# Get the Newick string with keys

un

newick_str = NewickForm(tree, , tree.dist, keys)

print(newick_str)

#Get the Newick format for iTOL visualization by copy the print or save to *.txt or *.nwk

file directly

This same concept was also applied to the enhanced dataset of 381 phages, with the analysis
demonstrated through the demo code.
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Appendix B — Mash Distance Calculation

# Data preparation @Python runtime on Colab environment
Ipip install biopython
from Bio import SeqIO

# Split Multi-Genome FASTA into Individual Files

input_fasta =
'/content/drive/MyDrive/Phage_genome_taxonomy/vcontact_host_family genomes.fasta'

output_dir = '/content/drive/MyDrive/Phage_genome_taxonomy/split_genomes’

if not os.path.exists(output_dir):

os.makedirs(output_dir)

with open(input_fasta, 'r') as handle:
for record in SeqIO.parse(handle, 'fasta'):
output_file = os.path.join(output_dir, record.id + '.fasta')
with open(output_file, 'w') as output_handle:
SeqIO0.write(record, output_handle, 'fasta')

# Run Mash on bash terminal of Jupyter notebook

(base) [sion@ee8@hpc-headdl Mash]$ conda install bioconda: :Mashtree

(base) [sion@ee8@hpc-headdl Mash]$ Mashtree split_genomes/* --outmatrix Mashtree_3H.mat >
3H_Mashtree.dnd
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Appendix C — Phylogenetic Tree Generation

@ Zobelviicae

The phylogenetic trees of 381 phages, shown in Figure 9 and 10, were generated in iTOL. The
project can be accessed at https://itol.embl.de/tree/129968510448411723782853 for the
Levenshtein and https://itol.embl.de/tree/129968510471891723783311 for the Mash distance.
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Appendix D — Tanglegram Generation
# R language work on Colab environment

install.packages('dendextend') #stable CRAN version

install.packages('ape’, repos = c('https://emmanuelparadis.r-universe.dev',
"https://cloud.r-project.org'))

install.packages("phytools")

install.packages("factoextra")

install.packages('hash")

library("dendextend") # load the package to make tanglegrams
library(ape)

library(phytools)

library(factoextra) #plot single dendrograms
library(cluster) #does the clustering

library(dplyr)

library(RColorBrewer)

library(hash) #R quivalent of dictionary

#Trees from external files
TreeLeven <-ape::read.tree("/content/3HLevens.nwk")

TreeMash <-ape::read.tree("/content/3HMashtree.nwk")

#Convert both trees to dendrograms

TreeLeven_cladogram <- compute.brlen(TreeLeven, method = "ED") #Equal splits (Yule) model
TreeLeven_cladogram_rooted <- midpoint.root(TreeLeven_cladogram) #Root the tree at its
midpoint

dend_leven <- as.dendrogram(TreeLeven_cladogram_rooted) #Convert the rooted tree to a
dendrogram

plot(dend_leven) # Convert to dendrograms

TreeMash_cladogram <- compute.brlen(TreeMash, method = "ED")
TreeMash_cladogram_rooted <- midpoint.root(TreeMash_cladogram)
dend_Mash <- as.dendrogram(TreeMash_cladogram_rooted)

plot(dend_Mash)
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#Create a list of dendrograms
dend_list <- dendlist(dend_leven, dend_Mash)

#Create the tanglegram
tanglegram(dend_list, common_subtrees_color_lines = FALSE, highlight_distinct_edges
FALSE, sort = FALSE, highlight_branches_lwd=FALSE, faster = TRUE)

#colours to pick from
print('Generating colours...")
#Plain tanglegram

n <- 381 #number of phages in dateset

colfunc<-colorRampPalette(c("red", "yellow","lightgreen", "royalblue", ‘violet'))

col_n=(colfunc(n))

# Custom these dendrograms, and place them in a list
levensh_tree <- dend_leven %>%
set("labels col", value = "#FFFFFF', k=n) %>%
set("branches_1lty", 1) %>%

set("branches_k_color", value = col_n, k = n)
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#tget the labels and colours
levensh_labels <- labels(levensh_tree)

levensh_colours <- get_leaves_branches_col(levensh_tree)

#make a vector of white colours to colour the labels in the dendrogram

white_col <- replicate(length(levensh_labels), '#FFFFFF')

#tmake dict

levensh_dict <- hash(levensh_labels, levensh_colours)

#tget the Mash labels
Mash_labels <- labels(dend_Mash)

#tgenerate the Mash colours

Mash_colours <- integer(length(Mash_labels))

for (i in 1:length(Mash_labels)){
Mash_colours[i] <- levensh_dict[[Mash_labels[[i]]]]

print('Plotting Tanglegram...')
dl <- dendlist(
levensh_tree,
dend_Mash %>%
set("branches_k_color", value = Mash_colours, k = length(Mash_colours)) %>%

set("labels_col", value = "#FFFFFF', k = n)

tanglegram(dl,
common_subtrees_color_lines = FALSE,
highlight_distinct_edges = FALSE,
sort = FALSE,
color_lines = get_leaves_branches_col(levensh_tree),
highlight_branches_lwd=FALSE,
faster = TRUE,
Iwd = 1,
lab.cex = 0.1
)
#Left - Levensthine AND right - Mash
print('entanglement: ')

print(entanglement(dl))

[1] "Plotting tanglegram..."

n

[1] "entanglement:
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# Flip the right dendrogram (from 'dl' is a list of two dendrograms)
dif[2]] <- rev(dl[[2]])
tanglegram(dl,
common_subtrees_color_lines = FALSE,
highlight_distinct_edges = FALSE,
sort = FALSE,
color_lines = get_leaves_branches_col(levensh_tree),
highlight_branches_lwd=FALSE,

faster = TRUE,

lwd = 1,

lab.cex = 0.1
2 15 10 s oo

)
print('entanglement: ')
print(entanglement(dl))

[1] "entanglement:
[1] ©.5755887
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