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Applications of Machine Learning in Source Attribution of Pathogens
and Gene Function Prediction

Sandeep Chinnareddy

(ABSTRACT)

This research investigates the application of machine learning techniques in computational

genomics across two distinct domains: (1) the predicting the source of bacterial pathogen

using whole genome sequencing data, and (2) the functional annotation of genes using single-

cell RNA sequencing data. This work proposes the development of a bioinformatics pipeline

tailored for identifying genomic variants, including gene presence/absence and single nu-

cleotide polymorphism. This methodology is applied to specific strains such as

serovar Typhimurium and the species complex. Phylo-

genetic analyses along with pan-genome and positive selection studiesshow that genomic

variants and evolutionary patterns of Typhimurium vary across sources, which suggests

that sources can be accurately attributed based on genomic variants empowered by machine

learning. We benchmarked seven traditional machine learning algorithms, achieving a no-

table accuracy of 94.6% in host prediction for . Typhimurium using the Random Forest

model, underscored by SHAP value analyses which elucidated key predictive features. Next,

the focus is shifted to the prediction of Gene Ontology terms for Arabidopsis genes using

single-cell RNA-seq data. This analysis offers a detailed comparison of gene expression in

root versus shoot tissues, juxtaposed with insights from bulk RNA-seq data. The integration

of regulatory network data from DAP-seq significantly enhances the prediction accuracy of

gene functions.



Applications of Machine Learning in Source Attribution of Pathogens
and Gene Function Prediction

Sandeep Chinnareddy

(GENERAL AUDIENCE ABSTRACT)

This work applies machine learning techniques to two areas in computational biology: pre-

dicting the hosts of bacterial pathogens based on their genome data, and predicting the func-

tions of plant genes using single-cell gene expression data. The first part develops a method

to analyze genome sequences from bacterial pathogens like serovar Ty-

phimurium and the species complex, identifying genomic variants,

including gene presence/absence and single nucleotide polymorphism, which are variations

in genetic code. By studying the evolutionary relationships and genetic diversity among dif-

ferent strains, the motivation for using machine learning models to predict the sources (e.g.,

poultry, swine) of the pathogen genomes is established. Several machine learning models are

then trained on these datasets, and the most important factors contributing to the predic-

tions are identified. The second part focuses on predicting the functions of genes in the model

plant species Arabidopsis thaliana using the gene expression data measured at the single-cell

level to train machine learning models for identifying standardized gene function descrip-

tions called Gene Ontology (GO) terms. By comparing results from single-cell and bulk

tissue data, the study evaluates whether the higher resolution of single-cell data improves

gene function prediction accuracy. Additionally, by incorporating information about gene

regulation from a specialized experiment, the role of gene expression control in determining

gene functions is explored.
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Typhimurium Typhimurium is a serovar of the bacterial species

, originating from several sources, and is a common cause of foodborne illness in

humans.

DAP-seq DAP-seq is a high-throughput in vitro method used to identify the DNA binding

sites of transcription factors across the genome, helping to elucidate gene regulatory

networks.

GO GO is a major bioinformatics initiative to unify the representation of gene and gene

product attributes across all species.

RNA-seq RNA-seq is a next-generation sequencing technique used to reveal the presence and

quantity of RNA in a biological sample at a given moment, analyzing the continuously

changing cellular transcriptome.

scRNA-seq scRNA-seq is a powerful technique that allows researchers to study gene expres-

sion at the single-cell level, providing insights into cellular heterogeneity and rare cell

types.

SHAP SHAP is the game-theoretic approach to explain the output of any machine learning

model by computing the contribution of each feature to the prediction.

SNP SNP is a variation in a single nucleotide that occurs at a specific position in the

genome, where each variation is present to some appreciable degree within a popula-

tion.

xiii



Machine learning has revolutionized the field of bioinformatics, enabling the analysis of vast

genomic datasets, prediction of functional annotations, and identification of evolutionary

patterns [1]. These computational methods have facilitated the development of sophisticated

tools for genomic analysis, paving the way for innovative approaches in understanding the

rule of life. This thesis explores two distinct applications of machine learning in the domain of

computational genomics: (1) predicting hosts of bacterial pathogens based on whole genome

sequencing data, and (2) predicting gene functions using single cell sequencing data.

Microbial pathogens pose a huge threat to public health, causing a wide range of diseases

in humans, animals, and plants. Most of these diseases depend on the source that the

pathogen is originating from [2]. Identifying the sources of such pathogens is crucial for

developing effective control and prevention strategies. Source tracking, the process of deter-

mining the origin of a pathogen, has become an increasingly important area of research in

the field of bioinformatics. Traditional source tracking methods rely on epidemiological in-

vestigations and laboratory-based typing techniques, such as serotyping and pulsed-field gel

electrophoresis (PFGE) [3]. However, these methods have limitations in terms of resolution

and discriminatory power, making it challenging to pinpoint the exact source of a pathogen

[4]. With the advent of high-throughput sequencing technologies, whole-genome sequencing

(WGS) has recently been rising as a powerful tool for source tracking [5].

WGS provides a complete view of the bacterial genome, enabling the identification of genetic

1
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variations that can be used as markers for source attribution. the high level variations can

include the presence and absence of the genes. While a more detailed analysis could lead

to differences in core gene coding regions. By comparing the genomes of bacterial isolates

from different sources, researchers can identify single nucleotide polymorphisms (SNPs) and

other genetic differences that are specific to certain sources. This information can then be

used to develop machine learning models that can predict the source of a bacterial isolate

based on its genome sequence.

In Chapter 2, a novel bioinformatics pipeline is introduced, to identify the primary genomic

variants from a list of hundreds of genome assembly IDs. The first dataset explores the high

level differences in gene presence absence and the second, diving a step deeper, identifies the

differences in nucleotide positions in the core genes. These two datasets (GPA and SNP) are

further utilized for downstream machine learning analysis. An application of this pipeline

to Typhimurium Typhimurium is presented. Additionally,

the chapter investigates the phylogenetic relationships of these species through traditional

bioinformatics method such as the analyses of phylogenetic tree, pan-genome/core-genome

curves, and positive selection. The results from these analyses motivate the use of machine

learning to predict the source of selected species based on the GPA and SNP datasets.

Seven machine learning models are compared and further analyzed using the SHAP (SHapley

Additive exPlanations) model explanation technique, identifying the most important features

and their corresponding functions.

Identifying gene function stands as a fundamental challenge in genomics, with implications

for understanding the molecular mechanisms underlying biological processes in many living

organisms. In plant genomics, determining the functional roles of genes are integral to

the process of crop improvement. Traditionally, computational methods for gene function

annotation have relied heavily on sequence homology, which does account for the dynamic
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nature of gene expression across diverse tissues and cell types. Less than 1% of all recognized

genes in vital crops like maize and rice have undergone experimental identification of their

activities [6]. In response to these limitations, machine learning has recently been proposed

as novel and data-driven approaches for predicting gene functions.

Chapter 3 delves deeper into the application of machine learning for predicting gene function,

specifically the identification of Gene Ontology (GO) terms based on gene expression and

regulatory network information. Gene Ontology (GO) [7] is a collaborative project designed

to facilitate computational annotation of gene function and to systematically organize bio-

logical knowledge pertaining to genes and their products across various genomic data types.

The GO annotation encompasses three ontologies: cellular component (CC), molecular func-

tion (MF), and biological process (BP). The ontologies arrange GO terms in each ontology

(CC, MF, BP) hierarchically through a directed acyclic graph (DAG). GO annotations are

essentially tables that contain ID of genes or gene products (isoforms and proteins) with

specific GO term IDs and GO term definitions. DAG is a type of graph structure where

each node is a GO term, and two GO terms are connected by direct edges. Within the DAG,

a child GO term imparts more detailed functional information than its ancestor terms. All

genes belong to a child GO term also belong to the parent GO term.

Machine learning [8] is a transformative field that focuses on developing algorithms and com-

putational models capable of learning from data and making predictions or decisions without

explicit programming. Rooted in the idea that systems can improve their performance over

time through exposure to data, machine learning has revolutionized diverse industries. In

the context of gene function prediction, machine learning has the potential to incorporate

the dynamic and context-dependent nature of gene expression into the inherently challeng-

ing task of determining gene functions, such as assigning novel GO annotations to genes in

poorly annotated species.
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In the subsequent sections of this chapter, we will review the existing research in this field

for gene function prediction and propose a methodology to apply machine learning models

in multiple gene expression datasets extracted from , a model plant

species. These machine learning models were trained for the task of predicting gene function,

and more specifically, to assign new GO terms to genes that are not annotated with such

function. Arabidopsis has been a vital model organism in biology, especially in the field of

plant genetics and genomics. The Arabidopsis genome is approximately 125 million base

pairs, and is compact as compared to other plant genomes, facilitating efficient sequencing

and analysis. Due to its distinct traits such as its rapid life cycle, and genetic manipulation

susceptibility, it emerged as a prime candidate for computational genomics research.

DAP-seq is a transcription factor binding site discovery assay [9]. The DAP-seq assay oper-

ates by combining affinity-purified transcription factors (TFs) with next-generation sequenc-

ing of a genomic DNA library. DAP-seq is fast and cost-effective and provides superior

scalability when compared to ChIP-seq (Chromatin Immunoprecipitation Sequencing) [10],

because DAP-seq circumvents the need for plant transformation and in vivo cross-linking.

This innovative approach adds an additional layer of biological context to our analysis, po-

tentially refining the prediction of GO annotations in our investigation. However, one lim-

itation of DAP-seq is that DAP-seq is an in vitro assay such that the interactions detected

by DAP-seq is not tissue or cell type specific.

Leveraging several datasets of single-cell and bulk-tissue sequencing, the methodology de-

scribed in this chapter aims to compare the results in several scenarios. The comparison

between bulk and single-cell RNA sequencing data is a focal point, as we seek to evalu-

ate whether the higher resolution of scRNA-seq can bring more information to the task of

GO prediction. Additionally, by incorporating DAP-seq data, this study aims to capture

the multifaceted nature of gene expression regulation. This integration of diverse datasets
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aligns with the overarching objective: to ascertain whether gene expression data and regula-

tory networks, specifically from scRNA-seq and DAP-seq, can enhance the accuracy of gene

function predictions.

Further, the conclusion (Chapter 4) provides a comparison of the methods proposed, reiterate

the primary contributions and draw conclusions on the initial hypothesis set. Future work

(Chapter 5) talks about the future direction of this work and explores some analysis related

to meta learning approaches, more specifically using the prototypical networks, which is a

few shot learning model useful in the case of very less number of data points.



WGS enables the identification of single nucleotide polymorphisms (SNPs) and other genetic

markers that can be used to distinguish between different sources of a pathogen [11], [2].

Machine learning algorithms have been applied to WGS data to develop predictive models

for source attribution [12].

In the context of , WGS has been used to investigate outbreaks and trace

the sources of contamination [13]. Comparative genomic analysis has revealed the genetic

diversity and evolutionary history of Typhimurium strains from different sources [14].

Machine learning models, such as random forests and support vector machines, have been

trained on WGS data to predict the sources of Typhimurium isolates with high accuracy

[15]. The AB_SA method [16] helped to identify 8 genes as predictors among the 2802

accessory genes as important for source tracking. [17] used the core-genome single nucleotide

variant (cgSNV) typing method along with CRIPR to characterize clinical and food from

isolates in the context of source attribution. [18] employs comparative genomics

to investigate the population structure of antimicrobial resistant Typhimurium enterica

isolates from bovine and human hosts in New York and Washington states, highlighting host-

and geographic-associated genetic variations.

6
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At the time of this work, no known source tracking based on WGS has been applied to

(RSSC). Similarly, variations in data have been

identified to RSSC as well, although prior work only focused on single source. [19]. [20]

reveals that potato brown rot, Moko, and NPB strains of solanacearum

constitute closely related populations with distinct adaptations to different host environ-

ments, suggesting host-driven evolutionary selection. Furthermore, it identifies specific ge-

netic changes, such as the acquisition of virulence factors and metabolic adaptations, under-

lying the host adaptation and evolution of these strains, highlighting the dynamic nature of

Despite the progress made in source tracking using WGS and machine learning, challenges

remain in terms of standardizing protocols, integrating data from different sources, and

interpreting complex genetic information. Future directions include the development of

more advanced machine learning algorithms, such as deep learning, to improve the accuracy

and robustness of source attribution models [21]. Additionally, the integration of WGS

with other omics technologies, such as transcriptomics and metabolomics, may provide a

more comprehensive view of the factors that influence the survival and spread of microbial

pathogens in different environments [22].

In this section, the details of the proposed bioinformatics pipeline to create two datasets is de-

scribed. This novel pipeline consists of seven steps starting from downloading the genomes

from a public database and ending with the creation of two datasets: (i) Gene Presence

Absence (GPA) dataset and (ii) Single Nucleotide Polymorphism (SNP) site dataset. This

pipeline, as shown in Figure 2.1 combines genomic assembly quality assessment, gene predic-
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tion, sequence alignment, and SNP identification to enable downstream analysis for source

tracking, and can be applied to any given microorganism. The pipeline assumes that there

is a list of assembly IDs specific to a single species available prior to the first step. The

reproducible code for this chapter can be found on Gihtub, url:

Classification 
Results and a 

Trained model - 
Model Explanation

QUAST

(QUality 
ASsessment 
Tool) Quast was 
used to find the 
contig length 
and other quality 
metrics to filter 
the Genomes

Filtered 
Genome 

Sequences

PRODIGAL

(PROkaryotic 
DYnamic 
programming 
Gene-finding 
ALgorithm)

Protein 
Coding 
Genes

MMSeq2

Many-against-
Many sequence 
searching

Presence 
Absence 

Matrix
(Dataset 1)

PAL2NAL

converts 
multiple 
sequence 
alignment of 
proteins and the 
corresponding 
DNA (or mRNA) 
sequences into a 
codon 
alignment.

Aligned 
Genes

Identify 
SNPs

Identify the 
mismatches in 
the bases in 
genomes

SNP Sites
(Dataset 2)

Assembly IDs

Muscle

creating multiple 
alignments of 
protein 
sequences.

Aligned 
Proteins

Data 
download

Download the 
data using the 
publicly 
available cli tool 
"datasets"

Genome 
Sequences

Figure 2.1: Overview of the Source Tracking Pipeline

In the first step of this pipeline, sequence data of all the genome assemblies are downloaded

from a public available data repository, namely, NCBI database, using NCBI CLI tool. This

command-line tool provides simple functions like ”datasets download genome” and takes the

accession IDs from a text file to download their corresponding genomic data as a FASTA

file. A FASTA file format is a text-based representation of nucleotide or peptide sequences

https://github.com/LiLabAtVT/SOAP
https://github.com/LiLabAtVT/SOAP
https://github.com/LiLabAtVT/SOAP
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where each sequence begins with a single-line description, followed by lines of sequence data.

QUAST (Quality Assessment Tool for Genome Assemblies) [23] is the second step in our

pipeline, and it plays a critical role in ensuring the integrity and quality of the genomic

assembly data. During QUAST analysis, the assembled contigs are assessed for various

quality metrics. These metrics include the number of contigs, the average contig length

(the length of average contigs in the genome file), N50 (the length of the shortest contig for

which longer and equal length contigs cover at least 50% of the assembly), and L50 (the

count of smallest number of contigs whose length sum makes up half of genome size). Other

important metrics include the GC content, which describes the content of nucleotides that are

either guanine or cytosine, and the identification of misassemblies, such as structural errors

or misoriented contigs. This step is important for establishing a foundation for subsequent

analyses, and selecting high-quality assembly data using thresholds in one or more of these

metrics to help filter low-quality assembly data, in order to facilitate downstream processes

such as accurately predicting gene annotations.

After ensuring the quality of the assembly and filtering the genomes based on the contig

length threshold which would vary for each species, the next step in this pipeline is to

identify the protein coding genes in the genome sequences. PRODIGAL [24] program is

used to predict protein-coding genes. The PRODIGAL (Prokaryotic Dynamic Programming

Genefinding Algorithm) works by analyzing a genome to identify putative gene start and

stop sites. It uses dynamic programming to evaluate open reading frames (ORFs) for their



10

coding potential, taking into account factors such as G/C content, hexamer coding statistics,

ribosomal binding sites, and proximity to other potential start sites. This algorithm iterates

through the genome data to refine predictions and produce a final set of gene models. The

input for the PRODIGAL analysis is the nucleotide sequences of genomes which are FASTA

files that passed the quality test in QUAST. PRODIGAL processes these genomic sequences

to predict the protein-coding genes.

MMSeq [25] is a powerful tool that enables many-against-many sequence searching. In this

step, the protein sequences predicted by PRODIGAL are compared against each other in

an exhaustive manner. This allows for the detection of potential homologous sequences or

conserved domains, which can signify similar genetic functions or close evolutionary rela-

tionships among the genes. The MMSeq analysis provides a comprehensive view of sequence

similarities and aids in the categorization of genes based on their sequences. The output of

the MMSeq algorithm is a list of homologous gene families and the genes belonging to each

of such families. We can leverage this output to compute the first dataset, the genome-gene

family presence-absence dataset. In this dataset, the rows are described as genomes and the

columns are all the unique gene families identified in MMSeq2, the values are a 1 (indicating

Present) or a 0 (indicating Absent).

Following the MMSeq analysis, the multiple sequences that share similarities are subjected

to multiple sequence alignment using the MUSCLE algorithm [26]. Those gene families that

are present in all the genomes are referred to as core genes. In this step, these core genes are
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aligned using MUSCLE (Multiple Sequence Comparison by Log-Expectation). MUSCLE

is a software for creating multiple alignments of protein sequences. The software works in

three stages: it creates a rough draft alignment based on the similarity between sequences,

improves this alignment by adjusting the tree based on sequence identities within the cur-

rent alignment, and finally refines the alignment using an iterative process to maximize an

objective score based on the sum of pairs of sequences. MUSCLE is designed to balance

speed and accuracy, and the final output helps to identify regions of functional significance,

as well as genetic variations. It is a crucial step in the pipeline as the following steps involve

identifying the genetic variations among all the genome sequences in the form of SNP sites.

Once the sequences are aligned, PAL2NAL [27] is employed to convert the alignment into a

codon-based format. The reason we want the codon-based alignment is for the downstream

SNP identification. PAL2NAL is capable of determining the correct codon sequence from

a DNA sequence, even if there are discrepancies with the associated protein sequence, or

if the DNA sequence includes untranslated regions (UTRs), or polyA sequences. It is also

adept at handling frameshifts within the alignment, making it appropriate for examining

pseudogenes. This process allows for accurate analysis of nucleotide-level variations within

the genes for SNP identification, which is the next step.

After the alignment is converted into a codon-based format, SNP identification is performed.

This step involves detecting and characterizing SNPs within the gene sequences. SNPs are

variations in DNA sequences that occur when a single nucleotide is altered. SNPs are crucial
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genetic markers that can provide insights into genetic diversity, evolution, and potential

host-specific variations. The identification of SNPs forms enables us to construct the second

dataset, the genome-SNP dataset. In this dataset, the rows are genomes, and the columns

are the SNP sites of all the core genes. The values in the dataset will be categorical, more

specifically one of the four values A, T, G, C describing the presence of adenine, thymine,

cytosine and guanine. This step is achieved using a python script.

For the purpose of the proposed methodology, a model organism was considered to per-

form the analysis and understand the motivation for the use of machine learning. Ty-

phimurium, an environmental pathogen of significant public health importance, is known to

cause Salmonellosis in humans. It can originate from various sources, and the severity of the

disease depends on the source the strain has originated and sampled from, making source

tracking critical to prevent outbreaks. Understanding its genetic diversity across different

hosts enables precise interventions and enhances our knowledge of its epidemiology. In this

context, the significance of source tracking could extend beyond Typhimurium to other

species, providing insights into host-pathogen interactions and the spread of antimicrobial

resistance.

The genome sequences of 745 different assemblies, originating from five sources - Poultry,

Wild bird, Swine, Environmental, Bovine, (as shown in Figure 2.2) are publicly available

to download from NCBI. Poultry and wild bird are the more common sources among the

assemblies with more than 200 sequences each, while swine, environmental and bovine, each

have more than 60 sequences. To ensure the quality and reliability of the genomic data, a

preliminary assessment is conducted using QUAST (Quality Assessment Tool for Genome
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Assemblies) as can be seen in Table 2.1).

Poultry

316

Wild bird

207

Environmental

90

Bovine

69

Swine

60

Figure 2.2: Distribution of sources in Typhimurium

The QUAST analysis revealed several metrics that characterize the quality of the genome

assemblies. On average, the assemblies consisted of 97 contigs, with the largest contig length

being 595,429 base pairs. The average GC content is 52.1%. The L50 value, which represents

the smallest number of contigs that cover 50.0% of the total assembly length, had an average

of 14.87.

The average number of contigs (97) indicates a moderate level of fragmentation in the as-

semblies, which may be attributed to factors such as sequencing depth, read length, and the

complexity of the genomes. However, the presence of relatively large contigs, as evidenced

by the largest contig length of 595,430 base pairs, suggests that substantial portions of the

genomes have been assembled into larger, more contiguous segments.

The average GC content of 52.1% is within the expected range for Typhimurium genomes,

which typically exhibit a slightly higher GC content compared to other bacterial species. This
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count mean std 50percent
# contigs (>= 0 bp) 745 99.64 57.57 78
# contigs (>= 1000 bp) 745 89.25 53.46 70
# contigs (>= 5000 bp) 745 73.46 41.35 59
# contigs (>= 10000 bp) 745 64.42 34.08 53
# contigs (>= 25000 bp) 745 46.07 18.46 42
# contigs (>= 50000 bp) 745 27.04 7.14 27
Total length (>= 0 bp) 745 4969624.36 90030.63 4967621
Total length (>= 1000 bp) 745 4962805.99 90700.5 4962210
Total length (>= 5000 bp) 745 4923088.06 97955.46 4926837
Total length (>= 10000 bp) 745 4858244.58 136062.63 4872533
Total length (>= 25000 bp) 745 4538030.84 401870.72 4688868
Total length (>= 50000 bp) 745 3856993.26 866510.27 4216993
# contigs 745 97.37 57.87 75
Largest contig 745 596229.18 869993.84 438053
Total length 745 4968646.71 90152.14 4966119
GC (%) 745 52.17 0.08 52.16
N50 745 337306.76 903561.61 152775
N90 745 220661.01 921945.75 39194
auN 745 352435.21 876391.67 182180.7
L50 745 14.89 10.52 10
L90 745 48.36 32.67 35
# N’s per 100 kbp 745 0 0 0

Table 2.1: Description of QUAST results
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characteristic can influence various aspects of genome analysis, including read mapping, gene

prediction, and phylogenetic inferences.

The average N50 value of 337,309 indicates a high-quality genome assembly, with this metric

representing the length at which 50% of the total genome is contained in contigs equal to

or larger than this size. Such a high N50 value reflects strong contiguity in the assembly,

which is crucial for accurate downstream analyses including gene prediction and comparative

genomics.

In this section, three separate tests are presented to understand the intuition behind machine

learning and the differentiation based on the sources.

To better understand the evolutionary relationships among the identified sequences, phy-

logenetic analysis was performed using IQ-TREE 2 [28], a powerful and efficient tool for

constructing maximum likelihood (ML) phylogenetic trees, particularly suited for handling

large datasets. The ML optimization approach implemented by IQ-TREE 2 estimates tree

parameters that best explain the observed data, enabling the construction of a phylogenetic

tree that models the evolutionary relationships of the studied species. The SNP site data

generated at the end of the pipeline was used as the input with GTR as the substituion

model. The General Time Reversible (GTR) model is a Markov process by which substitu-

tion probabilities among nucleotides are expressed in the form of a matrix P(t). [29]

The resulting phylogenetic tree was visualized using iTOL (Interactive Tree Of Life) [30],

(Figure 2.3) an online tool for graphical representation and annotation of phylogenetic trees.

The bootstrap metadata are not visible in the figure but can be observed on the branches as

grey circles on the circular tree using iTOL software. The bootstrap values are in the range of
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Figure 2.3: Phylogenetic Tree of Typhimurium
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90 to 100, affirming the quality of the tree. The iTOL visualization revealed distinct patterns

across the datasets. For Poultry and Wild bird sequences, clear and distinct clades emerged,

suggesting a more straightforward evolutionary lineage. In contrast, Swine, Bovine, and

Environmental samples exhibited a more scattered distribution within the tree, indicating

more complex or less understood evolutionary relationships, potentially reflecting factors

such as genetic diversity, or inter-species gene flow. TO leverage this tree to perform the

task of source attribution will be challenging, as we can annotate only Poultry and Wild bird

with a certain confidence, and we cannot map the remaining three categories with the same

certainty. These observations motivated the use of machine learning models to leverage the

genetic differences and predict the source of a given genome sequence.

Building upon the evolutionary relationships, the next step was the construction of pan-

genome and core-genome curves, which are necessary for understanding the genomic compo-

sition of species or groups. The pan genome represents the entire set of genes within a clade

or the source in this context, encompassing both core genes found in all strains and variable

genes present in some strains. Conversely, the core-genome contains the list of genes that

are shared by all members of the clade.

To facilitate this analysis, we initiated by partitioning the GPA dataset into five distinct

files, with each file corresponding to one of the five sources under consideration. The GPA

matrix is a binary matrix that indicates the presence (1) or absence (0) of certain gene

families in the genomes, this dataset was constructed at the end of the third step of the

pipeline proposed in Section 2.2.3. This separation is done for ensuring that the analysis

of pan-genome and core-genome curves is source-specific, allowing for a comparative insight
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�h�Q�i���H �H�2�M�;�i�? �U�=�4 �R�y�y�y�y �#�T�V�j�k�3 �8�j�k�d�8�3�N�X�d�8�e�k�d�d�N�d�X�9�k�8�9�R�R�8�N�j�X�8
�h�Q�i���H �H�2�M�;�i�? �U�=�4 �k�8�y�y�y �#�T�V�j�k�3 �9�N�N�R�R�e�8�X�3�8�N�8�3�9�R�k�X�e�R�8�R�j�e�8�R�R
�h�Q�i���H �H�2�M�;�i�? �U�=�4 �8�y�y�y�y �#�T�V�j�k�3 �9�9�e�d�d�N�3�X�N�k�R�9�y�y�R�e�d�X�d�N�9�e�N�d�N�3�e�X�8
�O �+�Q�M�i�B�;�b �j�k�3 �R�9�k�X�y�3 �j�y�3�X�3�d �R�R�9�X�8
�G���`�;�2�b�i �+�Q�M�i�B�; �j�k�3 �R�d�3�8�R�9�9�X�9�j�R�d�3�k�y�3�y�X�e�j�j�3�N�3�k�k�X�8
�h�Q�i���H �H�2�M�;�i�? �j�k�3 �8�8�9�3�j�e�3�X�j�N�j�y�9�k�d�3�X�e�8�e�y�8�N�R�y�X�8
�:�* �T�2�`�+�2�M�i �j�k�3 �e�e�X�d�N �y�X�k�8 �e�e�X�d�d
�L�8�y �j�k�3 �R�e�8�j�N�R�8�X�e�k�R�3�d�e�8�3�9�X�j�j�R�k�N�e�k�y
�L�N�y �j�k�3 �N�N�k�3�y�3�X�3�8�R�j�9�j�9�R�d�X�N�3�j�e�k�d�N�X�8
���m�L �j�k�3 �R�9�9�e�e�y�e�X�N�R�R�e�9�8�k�N�8�X�8�9�R�9�d�3�j�R�X�j
�G�8�y �j�k�3 �k�k�X�k �3�9�X�j�N �R�9�X�8
�G�N�y �j�k�3 �d�y�X�R �k�j�y�X�9�N �9�9
�O �L�ö�b �T�2�` �R�y�y �F�#�T �j�k�3 �j�R�8�X�e�e �R�d�3�y�X�R�9�y

�h���#�H�2 �k�X�d�, �.�2�b�+�`�B�T�i�B�Q�M �Q�7 �Z�l���a�h ���M���H�v�b�B�b �`�2�b�m�H�i�b �Q�7�_�X �b�Q�H���M���+�2���`�m�K
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�6�B�;�m�`�2 �k�X�R�9�, �>�Q�b�i �/�B�b�i�`�B�#�m�i�B�Q�M �Q�7�_���H�b�i�Q�M�B�� �b�Q�H���M���+�2���`�m�K �b�T�2�+�B�2�b �+�Q�K�T�H�2�t�U�_�a�a�*�V�X �P�M�H�v
�i�?�Q�b�2 �?�Q�b�i�b �r�B�i�? �K�Q�`�2 �i�?���M �Q�M�2 �;�2�M�Q�K�2 ���`�2 �+�Q�M�b�B�/�2�`�2�/ �7�Q�` �i�?�B�b �7�B�;�m�`�2



�l�Y�f�Y ���ÿ�ÿ�ã�Ô�«�ž���Ô�ñ�é �ñ�Å �b�ñ�����«�¶ �i���ž�«�á�Ô�é�Ì ���ñ �`�ž�ã�����ñ�é�Ô�ž �9�8

�h�?�B�b �/�B�p�2�`�b�B�i�v �B�M �?�Q�b�i �b�Q�m�`�+�2�b �T�`�2�b�2�M�i�b �#�Q�i�? �+�?���H�H�2�M�;�2�b ���M�/ �Q�T�T�Q�`�i�m�M�B�i�B�2�b �7�Q�` �i�?�2 ���M���H�v�b�B�b�X

�P�M �Q�M�2 �?���M�/�- �?���p�B�M�; �� �H���`�;�2 �M�m�K�#�2�` �Q�7 �b�Q�m�`�+�2�b �r�B�i�? �`�2�H���i�B�p�2�H�v �H�Q�r �7�`�2�[�m�2�M�+�B�2�b �+���M �K���F�2

�B�i �K�Q�`�2 �+�?���H�H�2�M�;�B�M�; �i�Q �i�`���B�M ���+�+�m�`���i�2 �K���+�?�B�M�2 �H�2���`�M�B�M�; �K�Q�/�2�H�b�- ���b �b�Q�K�2 �b�Q�m�`�+�2�b �K���v �#�2

�m�M�/�2�`�`�2�T�`�2�b�2�M�i�2�/ �B�M �i�?�2 �i�`���B�M�B�M�; �/���i���X �P�M �i�?�2 �Q�i�?�2�` �?���M�/�- �i�?�B�b �/�B�p�2�`�b�B�i�v ���H�H�Q�r�b �7�Q�` �� �K�Q�`�2

�+�Q�K�T�`�2�?�2�M�b�B�p�2 �m�M�/�2�`�b�i���M�/�B�M�; �Q�7 �i�?�2 �;�2�M�2�i�B�+ �p���`�B���i�B�Q�M�b ���M�/ ���/���T�i���i�B�Q�M�b �i�?���i �2�M���#�H�2 �_�a�a�*

�i�Q �B�M�7�2�+�i ���M�/ �+�Q�H�Q�M�B�x�2 �/�B�7�7�2�`�2�M�i �T�H���M�i �?�Q�b�i�b�X

�k�X�e�X�k �J���+�?�B�M�2 �H�2���`�M�B�M�; �`�2�b�m�H�i�b

�h�?�2 �;�2�M�Q�K�B�+ �/���i�� �7�Q�` �i�?�2 �_�a�a�* �r���b �m�i�B�H�B�x�2�/ ���b �B�M�T�m�i �i�Q �i�?�2 �#�B�Q�B�M�7�Q�`�K���i�B�+�b �T�B�T�2�H�B�M�2 �/�2�b�+�`�B�#�2�/

�B�M �i�?�B�b �+�?���T�i�2�` �+�Q�M�b�i�`�m�+�i�B�M�; �i�?�2 �;�2�M�2 �T�`�2�b�2�M�+�2 ���#�b�2�M�+�2 �/���i���b�2�i�X �>�Q�r�2�p�2�`�- �B�M �i�?�2 �b�i�2�T �Q�7

�J�J�a�2�[�- �M�Q �+�Q�`�2 �;�2�M�2�b �r�2�`�2 �B�/�2�M�i�B�7�B�2�/ �7�Q�` �i�?�2�b�2 �b�2�[�m�2�M�+�2�b�X �h�?�2 �K�Q�b�i �+�Q�K�K�Q�M �;�2�M�2 �r���b

�Q�M�H�v �T�`�2�b�2�M�i �B�M �R�N�y �;�2�M�Q�K�2�b�X �>�2�M�+�2�- �i�?�2 �a�L�S �b�B�i�2 �/���i���b�2�i �+�Q�m�H�/ �M�Q�i �#�2 �+�Q�M�b�i�`�m�+�i�2�/�X �h�?�2

�:�S�� �/���i���b�2�i �r���b �b�m�#�b�2�[�m�2�M�i�H�v �2�K�T�H�Q�v�2�/ �i�Q �i�`���B�M �i�?�2 �K���+�?�B�M�2 �H�2���`�M�B�M�; �K�Q�/�2�H�b �T�`�Q�T�Q�b�2�/ �B�M

�a�2�+�i�B�Q�M �k�X�9�X�j�- �2�M���#�H�B�M�; �i�?�2 �T�`�2�/�B�+�i�B�Q�M �Q�7 �i�?�2 �b�Q�m�`�+�2 ���b�b�Q�+�B���i�2�/ �r�B�i�? �2���+�? �;�2�M�Q�K�2 �b�2�[�m�2�M�+�2�X

�a�B�M�+�2 �b�2�p�2�`���H �b�Q�m�`�+�2�b �?���/ �Q�M�H�v �Q�M�2 �b���K�T�H�2 �;�2�M�Q�K�2�- �i�?�B�b �#�2�+���K�2 �B�K�T�Q�b�b�B�#�H�2 �7�Q�` �i�?�2 �K���+�?�B�M�2

�H�2���`�M�B�M�; �K�Q�/�2�H�b �i�Q �H�2���`�M�X �>�2�M�+�2�- �i�?�2 �i�Q�T �R�y �b�Q�m�`�+�2�b�- �i�Q�T �8 ���M�/ �i�Q�T �j �r�2�`�2 �+�Q�M�b�B�/�2�`�2�/ �7�Q�` �i�?�2

�K���+�?�B�M�2 �H�2���`�M�B�M�; ���M���H�v�b�B�b�X �h�?�2 �`�2�b�m�H�i�b �Q�#�i���B�M�2�/ �7�`�Q�K �i�?�2 �K���+�?�B�M�2 �H�2���`�M�B�M�; �2�t�T�2�`�B�K�2�M�i�b ���`�2

�T�`�2�b�2�M�i�2�/ �B�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M�b�X

�h�Q�T �R�y �b�Q�m�`�+�2�b

�h�?�2 �i�Q�T �R�y �b�Q�m�`�+�2�b �+�Q�M�b�B�/�2�`�2�/ �B�M �i�?�2 ���M���H�v�b�B�b �r�2�`�2 �a�Q�H���M�m�K �i�m�#�2�`�Q�b�m�K �U�S�Q�i���i�Q�V�- �a�Q�H���M�m�K

�H�v�+�Q�T�2�`�b�B�+�m�K �U�h�Q�K���i�Q�V�- �*���T�b�B�+�m�K ���M�M�m�m�K �U�S�2�T�T�2�`�V�- �J�m�b�� ���+�m�K�B�M���i�� �U�"���M���M���V�- �L�B�+�Q�i�B���M��

�i���#���+�m�K �U�h�Q�#���+�+�Q�V�- �a�Q�H���M�m�K �K�2�H�Q�M�;�2�M�� �U�1�;�;�T�H���M�i�V�- �w�B�M�;�B�#�2�` �Q�7�7�B�+�B�M���H�2 �U�:�B�M�;�2�`�V�- �J�m�b�� �T���`�@

���/�B�b�B���+�� �U�S�H���M�i���B�M�V�- ���`���+�?�B�b �?�v�T�Q�;���2�� �U�S�2���M�m�i�V�- ���M�/ ���M�i�?�m�`�B�m�K ���M�/�`�2���M�m�K �U�6�H���K�B�M�;�Q �7�H�Q�r�@
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�2�`�f�H���+�2�H�2���7�V�X �h�?�2 �?�B�;�?�2�b�i �i�2�b�i ���+�+�m�`���+�v ���+�?�B�2�p�2�/ �r�?�2�M �+�Q�M�b�B�/�2�`�B�M�; �i�?�2 �i�Q�T �R�y �b�Q�m�`�+�2�b �r���b

�8�e�X�3�j�W�- �Q�#�i���B�M�2�/ �#�v �i�?�2 �`���M�/�Q�K �7�Q�`�2�b�i �K�Q�/�2�H �m�b�B�M�; �T�+�� �U�h���#�H�2�k�X�3�V�X �q�B�i�?�Q�m�i �m�b�B�M�; ���M�v �/�B�@

�K�2�M�b�B�Q�M���H�B�i�v �`�2�/�m�+�i�B�Q�M�- �i�?�2 �?�B�;�?�2�b�i ���+�+�m�`���+�v �r���b ���;���B�M �Q�#�i���B�M�2�/ �#�v �_���M�/�Q�K �6�Q�`�2�b�i �9�8�X�e�k�W�X

�*�Q�K�T���`�2�/ �i�Q �i�?�2�a�X�h�v�T�?�B�K�m�`�B�m�K �`�2�b�m�H�i�b�- �i�?�2 �m�M�/�2�`�T�2�`�7�Q�`�K�B�M�; �`�2�b�m�H�i�b �Q�7 �i�?�B�b �/���i���b�2�i �+�Q�m�H�/

�#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �i�?�2 �B�M�+�`�2���b�2 �B�M �i�?�2 �M�m�K�#�2�` �Q�7 �b�Q�m�`�+�2�b ���M�/ �i�?�2 �/�2�+�`�2���b�2 �B�M �i�?�2 �M�m�K�#�2�` �Q�7

�b���K�T�H�2�b �T�2�` �b�Q�m�`�+�2�X ���b �i�?�2 �i�Q�T �R�y �b�Q�m�`�+�2�b �+�Q�M�b�i�B�i�m�i�2 �Q�M�H�v �k�j�N �b���K�T�H�2�b�- �i�`���/�B�i�B�Q�M���H �K���+�?�B�M�2

�H�2���`�M�B�M�; �K�Q�/�2�H�b �H�B�F�2�H�v �b�i�`�m�;�;�H�2 �i�Q �`�2���+�? ���M ���+�+�2�T�i���#�H�2 ���+�+�m�`���+�v�X ���M�Q�i�?�2�` �b�2�i �Q�7 �K�Q�/�2�H�b �r���b

�i�`���B�M�2�/ �m�b�B�M�; �i�?�2 �`�2�K���B�M�B�M�; �b���K�T�H�2�b �+�H���b�b�B�7�B�2�/ ���b �i�?�2 �2�H�2�p�2�M�i�? �+���i�2�;�Q�`�v �U�ô�l�M�F�M�Q�r�M�ô�V�X �h�?�B�b

�b�?�Q�r�2�/ �� �7�m�`�i�?�2�` �/�2�+�`�2���b�2 �B�M �T�2�`�7�Q�`�K���M�+�2�- �T�Q�b�b�B�#�H�v �#�2�+���m�b�2 �i�?�2 �/�B�p�2�`�b�B�i�v �B�M �i�?�2 �m�M�F�M�Q�r�M

�+�H���b�b �+�Q�M�i�`�B�#�m�i�2�b �i�Q �i�?�2 �K�Q�/�2�H �7�Q�+�m�b�B�M�; �Q�M �/�B�7�7�2�`�2�M�i �/�B�7�7�2�`�2�M�+�2�b ���K�Q�M�; �i�?�2 �b���K�T�H�2�b�X

�J�Q�/�2�H �a�2�H�2�+�i�B�Q�M�h�`���B�MA ccuracy �h�2�b�iA ccuracy
�_���M�/�Q�K�6�Q�`�2�b�i �T�+�� �y�X�9�j �y�X�8�e
�J�G�S �T�+�� �y�X�j�j �y�X�8�k
�H�B�;�?�i�:�"�J �T�+�� �y�X�N�3 �y�X�8
�_���M�/�Q�K�6�Q�`�2�b�i �M�Q�M�2 �y�X�9�9 �y�X�9�e
�s�:�"�Q�Q�b�i �T�+�� �y�X�9 �y�X�9�e
�+�M�M �T�+�� �y�X�j�9 �y�X�9�e
�J�G�S �M�Q�M�2 �y�X�j�d �y�X�9�9
�.�2�+�B�b�B�Q�M�h�`�2�2�:�B�M�B�T�+�� �y�X�j�9 �y�X�9�9
�a�o�J �T�+�� �y�X�j�8 �y�X�9�9
�+�M�M �M�Q�M�2 �y�X�j�9 �y�X�9�k
�H�B�;�?�i�:�"�J �M�Q�M�2 �y�X�j�3 �y�X�9
�a�o�J �M�Q�M�2 �y�X�9 �y�X�j�3
�s�:�"�Q�Q�b�i �M�Q�M�2 �y�X�9�k �y�X�j�3
�.�2�+�B�b�B�Q�M�h�`�2�2�1�M�i�`�Q�T�v�T�+�� �y�X�j�d �y�X�j�8
�.�2�+�B�b�B�Q�M�h�`�2�2�1�M�i�`�Q�T�v�M�Q�M�2 �y�X�j�e �y�X�j�R
�.�2�+�B�b�B�Q�M�h�`�2�2�:�B�M�B�M�Q�M�2 �y�X�j�3 �y�X�k�N

�h���#�H�2 �k�X�3�, �S�2�`�7�Q�`�K���M�+�2 �K�2�i�`�B�+�b �Q�7 �i�?�2 �K���+�?�B�M�2 �H�2���`�M�B�M�; �K�Q�/�2�H�b �i�`���B�M�2�/ �Q�M �i�?�2 �i�Q�T �R�y �b�Q�m�`�+�2�b�X
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�h�Q�T �8 �b�Q�m�`�+�2�b

�h�?�2 �?�B�;�?�2�b�i �i�2�b�i ���+�+�m�`���+�v �Q�#�b�2�`�p�2�/ �B�M �i�?�B�b �/���i���b�2�i �B�b �8�8�X�y�y�W �U�h���#�H�2�k�X�N�V�- ���+�?�B�2�p�2�/ �#�v �i�?�2

�_���M�/�Q�K �6�Q�`�2�b�i �K�Q�/�2�H�X �A�M �i�?�2 �+�Q�M�i�2�t�i �Q�7 �i�?�B�b �/���i���b�2�i�- �r�?�B�+�? �b�Q�H�2�H�v �+�Q�M�b�B�/�2�`�b �M�Q �/�B�K�2�M�b�B�Q�M�@

���H�B�i�v �`�2�/�m�+�i�B�Q�M�- �i�?�2 �B�K�T�`�Q�p�2�/ �T�2�`�7�Q�`�K���M�+�2 �Q�7 �_���M�/�Q�K �6�Q�`�2�b�i �+���M �H�B�F�2�H�v �#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �B�i�b

���#�B�H�B�i�v �i�Q �?���M�/�H�2 �?�B�;�? �p���`�B���M�+�2 ���M�/ �#�B���b �K�Q�`�2 �2�7�7�2�+�i�B�p�2�H�v �i�?���M �i�?�2 �Q�i�?�2�` �K�Q�/�2�H�b�X �_���M�/�Q�K
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sifies a data point by considering the majority class among its k nearest neighbors. The

mathematical foundation of KNN revolves around distance metrics and the determination

of similarity, involving computations that measure the proximity between data points in

feature space. This proximity calculation is essential for effective classification.

3. Linear Discriminant Analysis (LDA): As a supervised classification algorithm, linear

discriminant analysis seeks optimal linear combinations of features to best separate different

classes. The mathematical core of LDA involves eigenvalue decomposition and covariance

matrix computations. Understanding the mathematical intricacies behind LDA is crucial for

grasping its ability to maximize class separability through linear transformations.

4. Gradient Boosting (GBoost): Gradient boosting, an ensemble learning technique, sequen-

tially builds weak learners to correct errors. The core mathematics includes gradient descent

optimization and the combination of weak models. By understanding the mathematical

principles, one gains insights into how GBoost iteratively improves predictive performance

through the aggregation of weak learners.

In this chapter, the study is extended to the analysis of bulk-seq data [57], comparing the

performance of the best-performing model from the 9 binary classifiers for both single-cell

and bulk data. This investigation aimed to explore the hypothesis that scRNA-seq data,

capturing expression data from more diverse cell types, could offer additional information

compared to bulk RNA-seq. After comparing the mean validation F1 scores of the model,

the GO terms of models which showed an improved performance in single cell data were

gathered and the functions were mapped using QuickGO tool [58].
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A comprehensive examination encompassed the assessment of the top-performing models

derived from separate single-cell RNA sequencing (scRNA-seq) datasets originating from

different tissues, namely the root and shoot of Arabidopsis. The objective of this step was to

evaluate whether GO terms associated with a particular tissue exhibit enhanced performance

within that tissue. Any disparities in predictive accuracy could shed light on potential tissue-

specific variations in gene expression.

Upon the incorporation of DAP-seq data into the single-cell RNA dataset, the feature matrix

included a notable expansion of 568 new columns with each column represents one transcrip-

tion factor and its target genes. Given the dataset’s inherent imbalance, for each GO term,

independent balancing was performed by randomly down sampling the majority class (either

1, stands for with a GO term annotation, or 0, stands for without a GO term annotation)

to align with the minority class.

In summary, the methodology employed a step-by-step process, encompassing data inte-

gration, preprocessing, dimensionality reduction, clustering, functional annotation, machine

learning, and comparative analyses. These steps collectively provided a comprehensive un-

derstanding of scRNA-seq data, its predictive power, and its potential advantages over bulk

RNA-seq, emphasizing tissue-specific insights gained through the exploration of different cell

types.
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Nine machine learning algorithms were employed to train on the root data of the Arabidopsis,

and the models were evaluated based on their mean validation F1 Scores and Receiver

Operating Characteristic Area Under the Curve (AUC-ROC). illustrates a comparison of

the AUC-ROC scores for the considered models. The average AUC-ROC in different groups

are significantly different (p-value < 4.9e-171, one way ANOVA followed by Tukey post hoc

comparisons.). It can be observed that random forest (RF) and gradient boosting (GBoost)

have highest mean AUC-ROC scores of 0.64. XGBoost follows closely with a mean AUC

of 0.63. The other algorithms, including Multilayer Perceptron Neural Network (MLPNN),

Linear Discriminant Analysis (LDA), and Support Vector Machine RBF Kernel (SVMR),

show slightly lower mean AUC values ranging from 0.57 to 0.58. Notably, Naive Bayes (NB),

and Support Vector Machine Linear (SVML), are at the lower end of the spectrum, with

the SVML algorithm having the lowest mean AUC score of 0.51. This distribution of AUC

scores suggests that ensemble methods like RF and GBoost could be more effective than

other methods. For further experiments in the methodology, Random Forest model was

selected as the standard model to compare multiple datasets.

The first experiment was conducted to compare the performance of scRNA-seq data with

bulkRNA-seq data. provides a comparison of the mean validation F1 scores of Random

Forest (RF) algorithms on two different datasets: root bulk RNA sequencing and root sin-
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Figure 3.2: Machine learning comparison.

gle cell RNA sequencing data. The mean validation F1 score is a metric that combines

precision and recall, and it is used to evaluate the accuracy of a predictive model, where

a higher score indicates better performance. This suggests that the scores for root single

cell RNA sequencing data display an average performance of 0.59 whereas root bulk RNA

sequencing data showed an average F1 score of 0.61. However, single cell data was able

to show an improved performance in 85 GO Terms compared to bulk RNA data. This

implies that capturing expression data from more diverse cell types, could offer additional

information compared to bulk RNA-seq for these 85 GO Terms. The GO Term that has

seen the maximum improvement over bulk RNA data was GO:0034220 which has the func-

tion in monoatomic ion transmembrane transport. The subsequent terms are GO:0006413,

GO:0051082, GO:0000978 and GO:0004842 which have functions in translation initiation,

unfolded protein bounding, RNA polymerase II cis-regulatory region sequence-specific DNA
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binding and ubiquitin-protein transferase activity.

Figure 3.3: Single Cell RNA Sequencing Data vs Bulk RNA Sequencing Data.

To understand the difference in the model performances using bulk RNA-seq vs scRNA-seq,

the coefficient of variation for the two models was compared in a marginal density plot as

can be seen in . It can be observed that the scRNA-seq showed a sharp and long decline

after peaking in the lower Coefficient of Variation (CV) values. However, the bulkRNA-seq

data showed a more gradual decline suggesting a more uniform distribution of variability

across genes. The degree of alignment had a lesser slope than one, suggesting the variation

in single cell data being higher than bulk RNA-seq data. The bulk RNA-seq provides an

average signal of all cells pooled together, which may mask the variability present at the

single-cell level. However, this additional variability in scRNA-seq data does not seem to

improve the overall prediction performance of the machine learning models in many GO

categories.
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Figure 3.4: Comparing coefficient of variation.



68

When comparing the models trained on shoot single cell data and root single cell data, the

shoot dataset with a mean F1 score of 0.60 has slightly outperformed the root dataset with

a mean F1 score of 0.59. displays the scatterplot of all the 227 GO terms in both settings.

Upon closer inspection, when assessing chloroplast and photosynthesis-related genes, the

leaf scRNA-seq data demonstrated a superior accuracy as compared to the root data. This

intriguing observation hinted at the biologically relevant specificity of information content

within single-cell datasets originating from diverse tissues. The differences in predictive

accuracy highlights the potential tissue-specific variations in the expression of genes as-

sociated with chloroplasts and photosynthesis, emphasizing the importance of considering

tissue-specific functions in scRNA-seq analyses.

Figure 3.5: Root vs Shoot single-cell data.




	Titlepage
	Abstract
	General Audience Abstract
	Dedication
	Acknowledgements
	List of Figures
	List of Tables
	Introduction
	Source Tracking Pipeline
	Literature Review
	Bioinformatics Pipeline
	Data download
	QUAST Analysis
	PRODIGAL
	MMSeq2
	MUSCLE Alignment
	PAL2NAL Conversion
	SNP Identification

	Motivation for machine learning
	Phylogenetic tree
	Pan-genome analysis
	Positive selection analysis

	Machine Learning
	Dataset description
	Feature selection
	Models
	Results
	Model Explanation using SHAP

	Functional Analysis
	Application of Source Tracking to Ralstonia
	Data description
	Machine learning results
	Explanation


	Gene Ontology Prediction
	Literature Review
	Gene co-expression analysis
	Functional networks
	Predicting specialized gene functions

	Methodology
	Data Integration and Preprocessing
	Dimensionality Reduction and Clustering
	Functional Annotation and Enrichment Analysis
	Machine Learning and Classification
	Comparison with Bulk RNA-seq Data
	Tissue-Specific Analysis
	Addition of DAP-seq data

	Results
	Machine learning performance
	Single Cell RNA Sequencing Data vs Bulk RNA Sequencing Data
	Comparison of Different Tissues
	Effect of DAP-seq Data


	Discussion
	Conclusions
	Future Work
	Bibliography

