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FOREWORD

In recent years, metagenomics has emerged as a powerful approach for exploring the intricate
dynamics of microbial communities. ""Integrative Metagenomics: Techniques, Analysis, and
Future Perspectives' serves as a contribution to the field of metagenomics by offering both
fundamental information and cutting-edge insights into the evolving field of metagenomic
research. This book covers an impressive range of topics and emphasizes the practical
applications of key approaches and methodologies in real-world scenarios. The authors have
presented a comprehensive overview of metagenomic sequencing methods, bioinformatics
tools, and data analysis approaches, ensuring that readers are well-equipped to navigate the
complexities of microbial genomics.

Furthermore, the integration of multi-omics approaches highlights the comprehensive
approach to comprehending microbial functions and their roles in health, disease, and
environmental sustainability. This book not only serves as an essential resource for
newcomers to the field but also provides experienced researchers with valuable perspectives
on future trends and innovations. The domain of metagenomics has altered our understanding
of microbial life, revealing the potential to understand entire microbial communities without
relying on traditional culturing techniques. This paradigm shift has catalysed revolutionary
advancements in fields as environmental science, human health, and biotechnology. By
enabling researchers to analyse the genetic material of complex microbial ecosystems directly
from their natural environments, metagenomics has provided a deep understanding of
microbial diversity, functionality, and interactions within various ecosystems.

"Integrative Metagenomics: Techniques, Analysis, and Future Perspectives" also serves as
an essential guide for researchers and students seeking to navigate the complex world of
metagenomics. This book offers a well-structured exploration of the fundamental principles
and sophisticated methodologies that support metagenomic research. One of the aspects is its
importance in practical applications. By incorporating discussions on taxonomic
classification, functional annotation, and computational advancements such as artificial
intelligence, the authors provide a comprehensive roadmap for leveraging metagenomics for
practical applications. Moreover, the book highlights the relevance of metagenomics in health
sciences, particularly in understanding the human microbiome and its implications for disease
prevention and treatment.

The rapid pace of technological innovation in sequencing platforms and computational
analysis has brought new challenges alongside unprecedented opportunities. This book does
an admirable job of not only presenting the current state of the field but also projecting future
directions, addressing key challenges such as data integration, standardization, and ethical
considerations. The inclusion of Metagenome-Wide Association Studies (MWAS),
experimental validation techniques, and Al-driven analytics ensures that readers gain a
forward-looking perspective on the advancement of metagenomic research.

As we navigate the frontier of next-generation microbiological exploration, ""Integrative
Metagenomics' emerges as a timely and invaluable resource. Whether for a beginner looking
to understand the foundational aspects of metagenomics or an experienced researcher eager to
stay updated on the latest advancements, this book provides the tools necessary to advance
scientific discovery and innovation in microbial ecology, medicine, and beyond. With great
enthusiasm, I recommend this book to the scientific community as it may serve as a guiding
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light for all those dedicated to unravelling the complexities of microbial life and harnessing
its potential for the benefit of humanity.

Lam-Son Phan Tran

Department of Plant and Soil Science

Institute of Genomics for Crop Abiotic Stress Tolerance
Texas Tech University, Lubbock

TX 79409, USA



PREFACE

In the past decade, metagenomics has revolutionized our understanding of microbial life,
enabling scientists to explore the genetic material of entire communities directly from their
environments. This transformative approach has opened new frontiers in various fields,
including ecology, medicine, and biotechnology, and has led to significant discoveries about
the diversity and functions of microorganisms. As researchers strive to harness this
knowledge for applications in human health, environmental sustainability, and agricultural
innovation, the need for accessible and comprehensive resources has become increasingly
apparent.

"Integrative Metagenomics: Techniques, Analysis, and Future Perspectives" was conceived to
fill this gap. Our aim is to provide a structured and engaging guide that caters to a wide
audience ranging from students and early-career researchers to established scientists seeking
to update their knowledge in this rapidly evolving field. This book is organized to facilitate a
clear understanding of both foundational concepts and advanced methodologies. We begin
with an introduction to the principles of metagenomics, followed by detailed discussions on
sequencing techniques, data acquisition, and preprocessing methods. The chapters also
explore bioinformatics tools for taxonomic classification and functional annotation,
highlighting their significance in analyzing complex datasets.

In conclusion, Integrative Metagenomics will serve as a valuable resource for those seeking to
expand their understanding of metagenomics, providing the necessary tools and expertise to
navigate its complexities and contribute significantly to future developments in the field. This
book, Integrative Metagenomics: Techniques, Analysis, and Future Perspectives, consists of
fourteen chapters that span a broad array of disciplines, some of which have previously been
underrepresented in metagenomics literature. It offers a thorough overview of how
metagenomics has evolved into a powerful tool for unravelling the complicated dynamics of
microbial ecosystems. The first chapter introduces the concept of metagenomics, explaining
its origins and the shift from traditional microbiology to studying microbial communities as a
whole. It emphasizes the significance of this field in modern biology, ecology, and medicine,
and provides a broad overview of how metagenomics has revolutionized our ability to
understand microbial diversity and function. The chapter sets the stage for the detailed
exploration of techniques, data analysis, and applications in the subsequent chapters.

The second chapter provides an overview of the key sequencing methods employed in
metagenomics, such as 16S rRNA sequencing, shotgun sequencing, and more recent advances
like Next-Generation Sequencing (NGS). Each method is discussed in terms of its strengths,
limitations, and suitability for different types of microbial investigations. The chapter also
explains how sequencing technologies have evolved to allow more comprehensive analysis of
complex microbial communities.

The third chapter focuses on the practical aspects of metagenomic research, starting with
sample collection and DNA extraction. It then covers the preprocessing steps needed to
prepare raw sequencing data for analysis, including quality control, trimming, and removing
contaminants. The chapter emphasizes the importance of proper data handling to ensure
reliable and accurate results.

The fourth chapter discusses the fundamental methods used to assemble metagenomic data,
such as reference-based assembly, de novo assembly, and hybrid approaches. This chapter
discusses how researchers can arrange the fragmented sequences from microbial genomes,
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and the challenges involved in accurately reconstructing large, complex microbial
communities from short sequencing reads.

The fifth chapter discusses the software packages for data manipulation, quality control,
clustering, assembly, and many more. Tools for taxonomic classification, functional
annotation, and data visualization are also discussed. The chapter highlights the importance of
choosing the right tools for specific research objectives and provides examples of widely used
software in the field.

In the sixth chapter, it delves into the methods used for classifying and identifying
microorganisms from metagenomic data. It covers taxonomic classification tools like
MetaPhlAn2, Krona pie chart, and MOTHUR, as well as phylogenetic methods like
GraPhlAn that help us to understand the evolutionary relationships between microbial
species. The chapter explains how to interpret taxonomic and phylogenetic data and how they
contribute to the study of microbial diversity.

The seventh chapter focuses on the process of annotating metagenomic data to identify the
functions of genes and proteins within microbial communities. It explains the use of databases
and tools for assigning functional categories to metagenomic sequences. The chapter also
discusses the importance of functional annotation in understanding microbial processes and
interactions within ecosystems.

In the eighth chapter, Metatranscriptomics, the analysis of RNA in microbial communities, is
explained. It highlights how RNA sequencing provides insights into gene expression and
microbial activity under specific conditions. The chapter covers the workflows for RNA
extraction, sequencing, and analysis, and discusses the challenges of interpreting
metatranscriptomic data due to the dynamic nature of gene expression.

The ninth chapter explores the integration of various "omics" technologies, such as genomics,
transcriptomics, proteomics, and metabolomics, to gain a more comprehensive understanding
of microbial communities. By combining data from multiple sources, researchers can better
understand the functional roles of microbes in their environments. The chapter discusses how
multi-omics approaches can uncover complex interactions and reveal new insights into
microbial behaviour and health impacts.

In the tenth chapter, Metagenome-Wide Association Studies (MWAS) is a powerful tool for
identifying associations between microbial genes or functions and specific host traits or
diseases. This chapter covers the methodology behind MWAS, including data collection,
analysis, and interpretation. It explains how MWAS can be used to uncover microbial factors
linked to health outcomes, paving the way for precision medicine and the development of
targeted therapies.

The eleventh chapter focuses on the experimental validation techniques used to confirm the
results of metagenomic analyses. It discusses common wet-lab methods, such as PCR,
cloning, and functional assays, which are used to validate the presence of specific genes or
microbial functions identified through computational methods. The chapter highlights the
importance of experimental validation in ensuring the reliability of metagenomic findings.

The twelfth chapter discusses the application of metagenomics in understanding human health
and disease is explored in this chapter. It covers the role of the microbiome in various
diseases, such as inflammatory bowel disease, obesity, and cancer. The chapter also discusses
how metagenomics is being used in drug discovery, particularly in identifying microbial
metabolites and enzymes with therapeutic potential.
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The thirteenth chapter provides an overview of the latest research trends in metagenomics. It
highlights significant breakthroughs and emerging areas of study, such as the human
microbiome, environmental microbiology, and the development of new sequencing
technologies. The chapter also discusses ongoing challenges, such as data integration,
reproducibility, and ethical considerations.

The final chapter looks to the future of computational metagenomics, exploring the next
generation of tools, technologies, and strategies. It covers advancements in Al and machine
learning for data analysis, as well as the potential impact of long-read sequencing
technologies. The chapter concludes with a vision of how computational advancements will
continue to transform the field, enabling more detailed and comprehensive studies of
microbial communities. Each chapter in this book is designed to provide readers with the
essential knowledge needed to understand and apply metagenomics in their research.

Ruchi Yadav

Amity Institute of Biotechnology
Amity University Uttar Pradesh
Lucknow Campus
Lucknow-226028, India

&

Deepti Nigam

Institute of Genomics for Crop Abiotic Stress Tolerance
Texas Tech University

Lubbock, Texas, USA
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CHAPTER 1

Introduction to Integrative Metagenomics

Arpita Singh' and Deepti Nigam>”
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Abstract: Metagenomics has revolutionized the study of microbial communities by
enabling their analysis in natural habitats without conventional culturing methods. This
chapter examines the fundamental ideas, procedures, and uses of metagenomics in a
variety of domains, including agriculture, healthcare, and environmental microbiology.
Our knowledge of microbial diversity, ecological interactions, and their involvement in
biogeochemical cycles, human health, and crop productivity has improved thanks to
metagenomics, which has made it possible to identify uncultured microorganisms and
functional genes. Bioremediation, pathogen identification, ecological monitoring, and
the creation of probiotics and biostimulants are important uses. But obstacles like
exorbitant expenses, the complexity of bioinformatics, and inconsistent methodology
prevent it from reaching its full potential. In order to improve data accessibility and
understanding, future directions will concentrate on developing bioinformatics tools,
combining metagenomics with multi-omics technologies, and improving public domain
datasets. With the speed at which technology is developing, metagenomics has the
potential to transform microbial research and provide novel answers to pressing
problems in agriculture, health, and environmental sustainability. This chapter
highlights metagenomics' critical role in influencing both scientific and practical
applications in the microbial sciences by giving a thorough overview of the field's
present condition, difficulties, and opportunities.

Keywords: Amplicon sequencing, Bioinformatics, Computational pipelines,
Genome assembly, Metagenomics, Microbiology, Microbiota, Next generation
sequencing, Samples, Whole genome sequencing.

INTRODUCTION

In microbial ecology, metagenomics is a groundbreaking technique that bypasses
the need for bacterial cultivation by directly analyzing genetic material from envi-
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ronmental samples. These methods allow scientists to examine microbial
communities in their native environments, illuminating the composition, roles,
and diversity of microorganisms in diverse ecosystems. Metagenomics enables
the understanding of microbial interactions, the discovery of uncultured
microorganisms, and the determination of their genetic and metabolic roles [1].

The power of metagenomics to offer thorough understandings of microbial
communities is what makes it so important for expanding our understanding of
environmental microbiology, human health, and agriculture. Metagenomics
overcomes the limitations of conventional culture-dependent techniques and
reveals the hidden richness of microbial life by enabling direct analysis of
microbial genomes. In settings like soil, water, and the human microbiome, where
many bacteria cannot be cultured in a lab, this is very helpful. By enabling the
identification of microbial taxa and their functional roles, metagenomics
significantly enhances our understanding of microbial ecosystems. For example, it
makes it possible to conduct a thorough survey of the variety of microorganisms
in certain settings, yielding vital information about microbial interactions,
functional capacity, and the effects of these communities on human health and
illness. This strategy has sparked advancements in a wide range of scientific
fields, including precision agriculture, personalized medicine, bioremediation, and
bioenergy.

KEY CONCEPTS IN METAGENOMICS

The techniques and applications of metagenomics are central ideas. Direct genetic
material extraction from environmental samples is the foundation of
metagenomics. This strategy relies heavily on cutting-edge sequencing
technologies like whole-genome shotgun sequencing and 16S rRNA sequencing.
Without isolating or cultivating the microorganisms, these techniques allow for
the identification of microbial species, genome reconstruction, and functional
pathway prediction [2].

Utilizing bioinformatics tools to evaluate vast amounts of metagenomic data is
another crucial idea. For taxonomic profiling, functional annotation, and gene
prediction, computational methods often driven by machine learning are utilized.
These methods not only increase the effectiveness of metagenomic research but
also make it possible to investigate microbial interactions and functions that were
previously unreachable.

Metagenomics also focuses on studying microbial interactions within specific
ecosystems. For instance, it provides insights into the rhizosphere, phyllosphere,
and endosphere in the context of plant-microbiome interactions, enhancing our
understanding of how microbes contribute to plant health and productivity [2].
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Similarly, metagenomics plays a crucial role in characterizing the human
microbiome, elucidating its functions in immunity, disease, and metabolism [3].

In conclusion, metagenomics has revolutionized microbial research by facilitating
thorough, culture-independent examination of microbial communities. Its
importance and fundamental ideas highlight its capacity to revolutionize a range
of scientific and applied fields [4].

EVOLUTION OF METAGENOMIC STUDIES

Due to developments in computational techniques and sequencing technologies,
metagenomics has had a remarkable evolution since its inception. At first,
culture-based methods were used in microbial research, which had trouble
capturing the complexity and diversity of microbial communities. By eliminating
the requirement for culturing and enabling researchers to examine the genetic
material of entire microbial communities directly from ambient samples,
metagenomics represented a paradigm leap [5].

The creation of computational pipelines specifically designed for the study of
metagenomic data has greatly improved the area. For instance, Insertion Sequence
(IS) elements were discovered using a novel metagenomics process, which
demonstrated how these elements promote bacterial genome diversification and
adaptation in the microbiota. This discovery improved our knowledge of
microbial evolution by highlighting the function of IS insertions in modifying
accessory genes, forming microbial genomes, and affecting their stability across
human hosts [6].

Metagenomics has been further advanced by developments in genome assembly
and binning techniques, which have made it possible to accurately reconstruct
genomes from metagenomic materials. These advancements make it possible to
retrieve metabolic and taxonomic data, which makes it easier to identify novel
microbial lineages and their ecological functions. For example, genome-centric
metagenomics traced the evolutionary history of a novel free-living group in the
Rhizobiales order spanning around 1,500 million years, revealing its ancient
origin and metabolic adaptations [7].

Metagenomics has also clarified evolutionary patterns in specific microbial
habitats. For example, comparative metagenomic analyses of bacteria that live in
sponges revealed unique adaptations like non-pathogenic virulence tactics and
energetically costly genomes. These modifications show mechanisms for
sustained microbial-host partnerships and indicate ancient prokaryotic
associations with multicellular eukaryotes. The development of Metagenomics
has expanded its uses, bringing it into a wider range of fields like industrial
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CHAPTER 2

Metagenomic Sequencing Techniques

Sweksha Ranjan' and Ruchi Yadav"’
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Abstract: The field of metagenomics has revolutionized microbial community
research, enabling scientists to explore the genetic diversity of microorganisms that
cannot be cultured. This overview examines the evolution and implementation of
metagenomic techniques, emphasizing shotgun and amplicon sequencing approaches.
While shotgun sequencing provides a thorough analysis of community structure,
species-level classification, and functional potential at a higher cost, amplicon
sequencing, particularly 16S rDNA analysis, offers a more focused method for
taxonomic identification. The advent of next-generation sequencing technologies has
driven significant advancements in the field, facilitating the production of extensive
datasets and prompting the development of specialized computational tools for
analysis. Although each method has its own strengths and weaknesses, both have
significantly enhanced our knowledge of microbial diversity and function across
various environments, ranging from deep subsurface ecosystems to the human
microbiome. As metagenomics continues to advance, improvements in sequencing
platforms and computational methods are expected to further enhance our capacity to
unravel the intricacies of microbial communities and their ecological significance. This
ongoing progress is anticipated to yield deeper insights into microbial interactions,
ecosystem functions, and their broader implications for health, industry, and the
environment.

Keywords: Amplicon sequencing, Eukaryotic organisms, Functional annotation,
High-throughput sequencing, Metagenomics, Microbes, Next generation
sequencing, Prokaryotic organisms, Shotgun sequencing, Taxonomic
identification.

INTRODUCTION

Earth is home to an estimated 1030 microbial cells, with prokaryotes forming the
largest group of individual organisms. These prokaryotes comprise between 106
and 108 separate genospecies. The genetic material of these predominantly
uncultured species holds a vast, untapped potential for discovering novel enzymes
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and metabolic capabilities [1]. Metagenomics is a technique used to examine
microbial communities in a sample by analyzing their genetic material. This
approach has been utilized to study various environmental samples, including
bacterial genetic profiles from deep mines and oceans, viral genetic profiles from
human intestines, seas, and freshwater sources, as well as the genetic material of
bacteria, archaea, fungi, and viruses found in soil [2]. In 1985, Pace et al. were the
first to propose the direct cloning of environmental DNA. Researchers employed
this method to clone DNA from picoplankton using a phage vector, which was
then utilized for 16S rRNA gene sequence analysis. Healy et al. conducted the
initial successful function-driven screening of metagenomic libraries, which they
referred to as zoolibraries [1].

The landscape of genomic research has been revolutionized by the advent of next-
generation sequencing technologies. These innovative methods offer a cost-
effective and highly efficient alternative to conventional capillary sequencing,
significantly advancing the field's capabilities [3]. The emergence of Next-
Generation Sequencing (NGS) technology is offering an unprecedented chance to
examine evolutionary processes at the sequence level in both eukaryotic and
prokaryotic organisms. This applies to species with more extensive and intricate
genomes that code for more sophisticated life cycles and metabolic functions [4].
This novel approach has so far been used in a number of studies to extract whole-
genome sequences from laboratory selection trials for clones or even whole
populations. Prior to the advent of NGS technology, 192 complete and published
bacterial genome sequences were available by 2004. But since 2005, 1566 more
bacterial genome sequences have been finished, released, and added to public
databases. 2847 bacterial genomes are among the 3173 (complete and draft)
bacterial, archaeal, and eukaryotic genomes that have been posted online as of
October 12, 2012. The Sanger sequencing chemistry-based sequencing techniques
dominated the genome sequencing market before NGS technologies were
developed [3].

One thing that all NGS systems have in common is that they generate enormous
amounts of sequencing data simultaneously, up to gigabases and beyond event-era
bases. Second and third-generation sequencing technologies are frequently used to
describe NGS devices. The enormous volume of sequence data produced by
metagenomic projects necessitates the development of novel and effective
computing techniques for data processing, analysis, and storage. The numerous
tools that are currently accessible, including those for sequence read assembly,
read mapping, and gene prediction, demonstrate the significant advancements that
have been made in this sector. Assemblers like Meta Velvetor and Meta IDBA,
annotation tools like MG-RAST or CAMERA, read mapping and alignment tools,
and tools for additional data analysis, like taxon identification and phylogenetic
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marker gene-based analysis of the composition of the microbial community, are
among the new tools that are made especially for the analysis of metagenomic
data [5].

CLASSIFICATION OF METAGENOMIC SEQUENCING

It is impossible to cultivate most microorganisms that live in a variety of
conditions in a lab. Determining the structure of the microbial community
framework of the given environment by classifying the different microorganisms
that reside there and measuring their diversity in terms of species
richness/abundance is a crucial first step in metagenomic research. It is easier to
identify and link certain organisms or taxonomic groupings (as well as the genes
and proteins they contain) to different phenotypic/functional characteristics that
define a particular environment when such insights into microbial diversity are
obtained. Typically, two methods are used to describe the taxonomic diversity of
metagenomes, as explained in Fig. (1) [6].

=% Amplicon sequencing

MIXOVNLN — —

Microbial community DNA Extraction

= Shotgun sequencing

Fig. (1). Different methods used in identifying the taxonomic diversity of metagenomes.
Shotgun Sequencing

The most widely adopted technique is shotgun metagenomic sequencing, which
involves the random fragmentation and sequencing of the total DNA from a
sample. The ability to identify species-level taxonomy and estimate metabolic
pathway activity from human and environmental samples is an advantage over
16S-based metagenomics. This method provides comprehensive taxonomic and
functional insights and is particularly effective in detecting unculturable or novel
organisms. Platforms such as [llumina offer high-accuracy short reads (~150-300
bp), while third-generation sequencers like PacBio SMRT and Oxford Nanopore
Technologies (ONT) offer longer reads (>10 kb), useful for complete genome
assembly and structural variant detection [7, 8].
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CHAPTER 3

Metagenomics Data Acquisition and preprocessing

Roshini Singh"*

" Amity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow,
UP, India

Abstract: The rapid advancements in next-generation sequencing technologies have
significantly propelled the growth of metagenomic studies, with the number of studies
increasing each year. Metagenomics has become a highly versatile application in
microbiology, enabling the study of virtually any environmental interaction involving
microorganisms. This versatility has led to a wide range of applications for this omics
technology. This chapter focuses on explaining data acquisition and preprocessing in
detail, particularly for short-read sequences. The main objective of data acquisition is
to transform raw sequencing data into meaningful nucleotide sequences that directly
address the research question, leading to valid and reliable conclusions. Preprocessing
is crucial for ensuring data quality and includes steps like error correction, trimming of
low-quality reads, and removal of contaminants. Common tools used during this phase
include FastQC for quality control and Trimmomatic for read trimming. These
preprocessing steps are essential for preparing the data for subsequent analyses,
ensuring accuracy and reliability in the results.

Keywords: Composition-aware mapping-based metagenomic pipeline
(CAMAMED), Data acquisition, DOTUR, FastQC, Functional analysis, Long-
read sequencing, Metagenomic Rapid Annotation using Subsystem Technology
(MG-RAST), Metagenomics, Next-generation sequencing technologies,
Preprocessing, Sequence filtering, Sequence trimming, Short-read sequencing.

INTRODUCTION

The field of bioinformatics analysis lies in the rigorous acquisition and
preprocessing of data. While traditional bioinformatics workflows involved the
collection of diverse biological data types, including genomic sequences,
transcriptomic profiles, and proteomic data, the advent of High-Throughput
Sequencing (HTS) technologies, such as those offered by Illumina and PacBio,
has revolutionized data acquisition. These platforms generate unprecedented
volumes of sequence data, enabling in-depth investigations of biological systems.
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However, the huge volume and inherent characteristics of HTS data necessitate
meticulous preprocessing to ensure data integrity and analytical validity.

Data preprocessing constitutes a critical step in mitigating technical biases and
artifacts introduced during the sequencing process. Key procedures include error
correction, which addresses base-calling inaccuracies; read trimming, which
removes low-quality bases and adapter sequences; and contaminant removal,
which eliminates sequences originating from non-target organisms or
experimental artifacts. These procedures are essential for optimizing downstream
analyses and ensuring the reliability of subsequent interpretations. Established
bioinformatics tools, such as FastQC for quality assessment and Trimmomatic [1]
for read trimming, are widely employed to execute these preprocessing steps.

Within the context of metagenomics, the study of genetic material recovered
directly from environmental samples, data acquisition, and preprocessing assume
paramount importance, particularly when utilizing short-read sequencing
technologies. This chapter provides a detailed examination of these foundational
processes within the metagenomic workflow, emphasizing their crucial role in
preparing data for downstream analyses and facilitating accurate and robust
biological inferences [2].

DATA ACQUISITION

Following the sequencing process, the subsequent bioinformatics analysis is
crucial. This stage involves handling massive datasets, often containing billions of
sequence reads from multiple samples. The primary goal is to refine this raw data
into meaningful nucleotide sequences that directly address the experimental
hypothesis, ultimately yielding sensible and reasonable conclusions. This
necessitates significant data processing to filter out noise and extract pertinent
information. Due to the sheer volume of data and the complexity of the required
analyses, specialized software tools have been developed, each dedicated to
performing specific functions within the overall analysis pipeline. These tools are
essential for efficiently and accurately processing this “big data” and transforming
it into biologically relevant insights [3].

DATA COLLECTION VIA ENA DATABASE

The first step in metagenomic analysis is the acquisition of raw sequence data.
The European Nucleotide Archive (ENA) serves as a comprehensive repository
for nucleotide sequences [4]. Researchers can download publicly available
datasets relevant to their study, ensuring the data is formatted in the FASTQ file
type for downstream analyses.
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Steps:

1. Search for Data: Use specific search criteria to identify datasets relevant to the
study.

2. Download Data: Export sequence files in FASTQ format along with their
metadata.

3. Organize Data: Store downloaded files systematically to ensure efficient
downstream processing.

For example, the study's dataset was obtained from the European Nucleotide
Archive (https://www.ebi.ac.uk/ena), under accession number (e.g.,
PRINA1096686). This dataset includes sequencing data from patients diagnosed
with Parkinson's disease. For this study, we selected 5 paired-end sequencing
samples. The selection was based on paired-end Illumina NovaSeq X sequencing
data, which offers improved accuracy in microbial community profiling due to its
capability of sequencing both ends of the DNA fragments. The FASTQ files for
these samples were downloaded and used in the subsequent analysis.

METAGENOMICS ANALYSIS

Setting Up Galaxy for Metagenomic Analysis

Before proceeding with the classification processes, you must ensure that the
Galaxy server is properly configured for metagenomic analyses. Galaxy is a
project dedicated to providing a user-friendly web interface for such command-
line tools [5, 6]. This includes installing the necessary tools and datasets. Galaxy
provides several metagenomics tools for taxonomic and phylogenetic
classification that can be easily accessed through its interface.

Creating a Galaxy Account and Accessing the Platform

- Go to the Galaxy platform website, like:
1. Galaxy server at usegalaxy.org
2. Galaxy Metagenomics (https://metagenomics.usegalaxy.eu/)
3. Galaxy EU/ Galaxy Europe (https://usegalaxy.eu/)
- Create an account or log in if you already have one.
- Upload the raw sequence data file via
1. Upload from Disk or Web
2. Paste/Fetch data
- Run the Galaxy Metagenomics server tools
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CHAPTER 4

Basic Assembly Methods for Metagenomic Data

Sweksha Ranjan' and Ruchi Yadav"”

! Amity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow,
UP, India

Abstract: Metagenomics has revolutionized the study of microbial communities,
benefiting from advancements in sequencing technologies and computational methods.
Assembly of metagenomic data remains a crucial challenge, with two primary
approaches: reference-based (co-assembly) and de novo assembly. De novo assembly,
while computationally intensive, can identify novel species and genes using tools like
de Bruijn graph-based assemblers. Reference-based assembly relies on existing
genomic databases but may overlook uncultured or divergent species. Both methods
face challenges in handling genomic repeats and closely related strains. Despite
progress, metagenomic assembly still requires improvements in accuracy, efficiency,
and managing microbial community complexity. The field's future lies in developing
new algorithms, validation tools, and integrating long-read sequencing technologies.
As metagenomics evolves, it will play an increasingly vital role in understanding
microbial ecology, functional genomics, and discovering novel microorganisms and
genes. Ongoing efforts are necessary to refine assembly methods, enhance
computational efficiency, and establish standardized analytical approaches, ensuring
the continued advancement of this powerful tool in microbial research.

Keywords: Bioinformatics analysis, Celera assembler, De Novo-based assembly,
DNA, Genome, Metagenomics, Metagenomic assembly, MetaVelvet, Next
generation sequencing, Reference-based assembly.

INTRODUCTION

Metagenomics is a branch of traditional microbial genomics that focuses on
sequencing and examining the collective genomic DNA from complete
environmental samples. The most crucial phase in analyzing metagenomic data
involves reconstructing individual genes and genomes of microorganisms within
communities. This process utilizes metagenomic assemblers, which are
computational tools designed to combine small DNA fragments produced by
sequencing devices [1]. The most popular sequencing technique for metage-
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nomics research nowadays is [llumina sequencing, which produces read lengths
between 100 and 250 bp. A normal sequencing run yields tens of millions of
reads. Some genomes may be thoroughly sequenced, depending on the quantity of
reads and the complexity of the microbial species present in the sample. This
would enable the researcher to attempt to piece together the original genome
sequence, or portions of it, from the short reads [2].

Short read fragments will be assembled to create larger genomic contigs if the
goal of the study is to recover the genome of uncultured organisms or get full-
length CDS for further characterisation, instead of a functional description of the
community. Since most existing assembly systems were created to build single,
clonal genomes, their applicability to intricate pan-genomic combinations should
be carefully considered. For metagenomics samples, three approaches may be
used: de novo assembly, reference-based assembly (co-assembly), and
metagenome binning, as shown in Fig. (1) [3]. A culture-independent method for
examining the intricate microbial communities via Metagenome-Assembled
Genomes (MAGs) is metagenomic sequencing. A MAG is a collection of
sequences from genome assembly that have comparable properties to represent a
microbial genome. It allows us to recognize new species and comprehend how
they could contribute to a changing ecosystem. MAGs from metagenomic
sequencing may be constructed and annotated using a variety of computational
approaches, but there is a significant lack of information that fully explains their
history and usefulness [4].

De novo
assembly

Basic
Assembly
i Methods

Fig. (1). Different approaches used in metagenome assembly.
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Furthermore, sequence assembly, gene prediction, and functional analysis are all
impacted by the read lengths produced during sequencing. As the read length
grows, so does the degree of confidence in functional predictions [5].
Metagenomic assembly is a computational technique designed to reconstruct
genetic material from mixed metagenomic samples. Recent advancements have
enabled the reconstruction of DNA segments, including operons, tandem gene
arrays, and syntenic blocks. The field has shifted towards shorter, high-throughput
sequencing technologies as the primary method. Modern sequencing machines
can produce billions of short reads within days. In response, numerous
metagenomic assembly approaches, workflows, and software tools have been
developed. However, due to the inherent complexities of metagenome assembly,
errors persist regardless of the chosen algorithm or sequencing method. The
recent introduction of assembly validation tools has been crucial in enhancing the
performance of metagenomics assemblers [6].

The processing of extensive genomic datasets is hindered by the substantial
computational hurdle of reconstructing large genomic segments from
metagenomic reads. Assembling genome sequences from short reads is
challenging even for individual organisms, primarily due to reconstruction
ambiguities caused by genomic repetitions. Furthermore, metagenomic
assemblers must accommodate varying genome representation within a sample
and genetic variations among closely related organisms. Despite recent
advancements in metagenomic assembly algorithms, the computational
complexity of the process remains significant, and the resulting assemblies still
require quality improvements [7].

DE NOVO METAGENOMIC ASSEMBLY

Metagenomics is the study of communities by taking samples of the DNA of
every species present in a particular microbial community. Because the relative
abundances of the species in a microbiome are not uniform, assembling
metagenomes presents more difficult and complicated issues than assembling a
single genome. Distributed computing is necessary for de novo assembly and
taxonomic characterization in large parallel sequencing datasets, particularly in
metagenomic research. Millions of NGS reads are compared to sequences in
publicly accessible reference databases using bioinformatics to identify microbial
sequences. De novo metagenome assembly of short overlapping reads into larger
contigs is an important part of the study. The production of long contigs or even
entire genomes through successful assembly has two main benefits: (i) it increases
the sensitivity to identify novel pathogens with only weak sequence homology to
known pathogens; and (ii) it lowers the expense and labor required to manually
extend new microbial genomes using polymerase chain reaction [8]. Usually, de
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Bioinformatics Tools for Metagenomic Analysis
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Abstract: Galaxy is an open-source, web-based platform designed to assist researchers
in bioinformatics and metagenomics, providing a user-friendly interface for complex
data analysis workflows. Galaxy Metagenomics, a specialized tool within this platform,
enables comprehensive analysis of environmental sequencing data to study microbial
communities. Through Galaxy, users can process large sequencing datasets, perform
quality control, taxonomic classification, functional annotation, and visualize results
interactively, all without requiring extensive programming skills. The platform’s
integration with the Galaxy Tool Shed allows users to access a wide array of
community-contributed tools tailored to metagenomic research. These tools address
diverse tasks, including data retrieval, alignment, clustering, microbial annotation,
assembly, taxonomic assignment, and functional profiling. Metagenomics provides a
unique approach to understanding microbial ecosystems by analyzing genetic material
directly from environmental samples, enabling the exploration of rare, unculturable, or
previously unknown microorganisms. The continuous updates and modularity of
Galaxy and its Tool Shed ensure that researchers can stay at the forefront of the field
with the latest algorithms and functionalities. The platform also supports various
practical elements, including access to public datasets, online tools, and workshops,
allowing users to gain hands-on experience in metagenomic analysis.

Keywords: Galaxy, General tools, Genomics tools, Metagenomics, Microbiota
dedicated tools, ToolShed.

INTRODUCTION

Galaxy (https://usegalaxy.org/) is an open-source, web-based platform for data
analysis, initially designed to assist researchers in various bioinformatics tasks but
that expanded its scope over the years to become a global and cross-domain
community [1 - 3]. Galaxy Metagenomics (https://metagenomics.usegalaxy.eu/) is
also a web-based platform that enables researchers to conduct comprehensive
metagenomic analysis, which involves the study of genetic material recoveredM
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directly from environmental samples. It enables the processing and analysis of
large sequencing datasets to explore the diversity of microbial communities.
Metagenomics is the study of the collective genetic material of microorganisms
(bacteria, fungi, viruses, etc.) in a sample, often without the need for culturing the
organisms. Unlike traditional microbiology, which isolates individual species,
metagenomics allows for the exploration of the entire microbial community in its
natural habitat. This includes rare, unculturable, or unknown microorganisms,
which might be overlooked by conventional methods. The technology has
revolutionized the study of environmental microbiomes, including soil, water, air,
and the human body, among others. Users can upload raw data, process it through
various tools (such as quality control, assembly, taxonomic classification, and
functional annotation), and visualize results interactively. A complete
metagenomics workflow is shown in Fig. (1). Galaxy supports a variety of
metagenomic workflows, from 16S rRNA gene analysis to whole-genome

shotgun sequencing.

Fig. (1). Metagenomics pipeline from sample collection to bioinformatics analysis.

Pre
processing

steps

The ToolShed (https://toolshed.g2.bx.psu.edu/) and (https://galaxyproject.org/
toolshed/) are integral parts of the Galaxy ecosystem, serving as a repository for
reusable, community-contributed tools that are essential for metagenomic
analyses. It allows users to easily install and share bioinformatics tools within
Galaxy, facilitating the integration of new algorithms and functionalities into
existing workflows. In metagenomics, tools from the Tool Shed can be employed
for various tasks such as sequence alignment, gene prediction, functional
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annotation, taxonomic assignment, and more. The Galaxy community
continuously updates the ToolShed, ensuring that the latest tools and versions are
available. Its modular nature allows researchers to customize their analysis
pipelines, making it an essential resource for anyone working with metagenomic
data. Through the ToolShed, Galaxy users can access various tools tailored to the
unique challenges of metagenomic analysis, from quality control to advanced
statistical analysis, empowering more efficient and reproducible research.

GENERAL TOOLS FOR BIOINFORMATICS ANALYSIS
Data Retrieval Tools

European Bioinformatics Institute Search

EBISearch is a powerful and scalable search engine developed by the European
Bioinformatics Institute (EBI) that provides unified access to a wide range of
biological data resources [4]. It is particularly beneficial for metagenomics, as it
integrates with multiple key databases such as the European Nucleotide Archive
(ENA), UniProt, Ensembl, and InterPro. This enables researchers to efficiently
search and retrieve metagenomic datasets by using taxonomic identifiers,
environmental metadata, or sequence-specific queries. EBISearch supports
advanced filtering options, allowing users to narrow down searches based on
criteria like taxonomic categories, sequence types, and other metadata, which is
crucial for targeted analyses. The platform also facilitates metadata extraction,
such as environmental descriptors and experimental details, offering a
comprehensive view of metagenomic data. In addition to its web-based interface,
EBISearch provides programmatic access via REST APIs, making it ideal for
large-scale metagenomic projects and bioinformatics pipelines. Researchers can
utilize EBISearch to fetch sequence, structural, and functional data, integrating
them with annotations, metadata, and analysis tools, thereby enhancing the
exploration of microbial diversity, functional genes, and their ecological contexts.

European Nucleotide Archive Search

ENASearch is a specialized query tool within the European Nucleotide Archive
(ENA) designed for accessing nucleotide sequences and associated metadata [5].
It is particularly valuable for metagenomics researchers who require access to
environmental sequencing data. ENASearch offers advanced search capabilities,
allowing users to filter results based on various metadata fields such as sample
origin, geographic location, and project accession numbers. This functionality is
essential for complex queries, including those focused on ecological or
comparative studies. The tool supports the retrieval of raw sequencing data,
assembled genomes, and annotated sequences, making it a vital resource for
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CHAPTER 6

Metagenomic Taxonomic and Phylogenetic
Classification
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Abstract: Metagenomics allows for the study of microbial communities directly from
environmental samples, bypassing the need for culturing organisms. This chapter
focuses on taxonomic and phylogenetic classification of metagenomic data using the
Galaxy platform for bioinformatics analysis. The study begins with data collection
from the European Nucleotide Archive (ENA), specifically focusing on sequencing
data related to Parkinson's disease. Raw sequence data is processed through a series of
quality control steps, including FastQC, MultiQC, and Trim Galore! to ensure the
removal of contaminants and low-quality sequences. Dereplication using VSearch
helps eliminate duplicate sequences, making the dataset more accurate for analysis. For
taxonomic classification, tools such as MetaPhlAn2 are employed to assign sequences
to known taxa, generating detailed microbial community profiles. These results are
visualized using Krona pie charts, which offer an interactive way to explore the relative
abundance of taxa at various levels. In phylogenetic classification, the GraPhlAn tool is
used to generate publication-quality phylogenetic trees, providing insights into the
evolutionary relationships among microorganisms. The integration of taxonomic and
phylogenetic data allows for a comprehensive understanding of microbial ecosystems,
revealing how specific microbial communities may influence diseases like Parkinson's
disease.

Keywords: Metagenomics, European nucleotide archive, Quality control,
Taxonomic classification, Phylogenetic classification.

INTRODUCTION

Metagenomics is the study of genetic material recovered directly from
environmental samples, without the need for culturing microorganisms. This
allows for a comprehensive analysis of microbial communities present in various
environments. One of the key components of metagenomics is classification,
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which involves identifying and categorizing the species and strains present within
a sample. Taxonomic classification refers to the identification of organisms at
various taxonomic levels (e.g., phylum, genus, species), while phylogenetic
classification focuses on understanding the evolutionary relationships between
organisms [1].

In this chapter, we will explore how to perform taxonomic and phylogenetic
classification using the Galaxy platform, an open-source, web-based platform for
data-intensive biomedical research. Galaxy provides a user-friendly interface to
perform complex bioinformatics analyses without requiring advanced
programming skills. We will focus on tools and workflows available in Galaxy to
perform taxonomic and phylogenetic classification on metagenomic datasets. The
workflow includes data collection, quality control, dereplication, taxonomic
classification, and phylogenetic analysis [2, 3].

TAXONOMIC CLASSIFICATION

Taxonomic classification in metagenomics assigns DNA or RNA sequences to
known taxa, allowing researchers to analyze the composition and diversity of
microbial communities. This process leverages bioinformatics tools to interpret
complex metagenomic data. Metagenomic analysis involves comparing
sequenced genetic material from environmental samples to existing databases or
focusing on specific functional activities. The Importance and challenges of
taxonomic classification are discussed in Table 1. Tools like DOTUR are used to
define Operational Taxonomic Units (OTUs), providing insights into the richness
and diversity of microbial communities [4]. Automated pipelines streamline the
complex analysis process, integrating multiple software tools in a step-wise
fashion to generate interpretable results. MG-RAST (Metagenomic Rapid
Annotation using Subsystem Technology) is a web-based platform designed for
processing, analysing, and sharing metagenomic data [5]. More recent pipelines,
such as CAMAMED (composition-aware mapping-based metagenomic pipeline),
offer both taxonomic and functional profiling. For instance, CAMAMED was
used to analyse gut microbiota in individuals with colorectal adenoma and
carcinoma, revealing a significant shift in gut species ratios [6]. Another example
is ezTree, a computational pipeline that automates the identification of single-
copy marker genes and constructs phylogenetic trees. Testing on Proteobacteria
demonstrated ezTree's effectiveness in pinpointing marker genes and generating
reliable phylogenetic trees for diverse bacterial groups.
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Table 1. Importance and challenges of taxonomic classification.

Importance of Taxonomic Classification Challenges in Taxonomic Classification

High genetic diversity within microbial

Facilitates ecological and evolutionary studies. -
communities.

Links microbial composition to functional and Presence of novel organisms with no reference
environmental roles. genomes.
Enables monitoring of microbial changes in response to Computational complexity and biases in
environmental factors or interventions. sequencing and analysis

TOOLS USED IN TAXONOMIC CLASSIFICATION

MetaPhlAn2

MetaPhlAn2 (Metagenomic Phylogenetic Analysis) is a computational tool used
in metagenomics to identify and profile microbial communities based on their
genomic data [7]. It focuses on identifying and quantifying microbial taxa
(bacteria, archaea, viruses, fungi, etc.) based on unique clade-specific markers in
metagenomic datasets. MetaPhlAn2 works by using a database of marker genes,
which are highly conserved and uniquely present in particular taxonomic groups.
These marker genes serve as signatures for the identification of species, genus,
and even strain-level differentiation in complex microbial ecosystems. One of the
key innovations of MetaPhlAn2 over its predecessor is the use of a larger and
more comprehensive reference database, allowing for better sensitivity and
accuracy in detecting rare or previously underrepresented taxa.

The tool employs a probabilistic approach to map sequencing reads to these
marker genes, enabling high-resolution taxonomic classification without relying
on full genome sequences. As a result, MetaPhlAn2 is particularly valuable for
the analysis of shotgun metagenomic data, where a full reference genome may not
be available or applicable. It can analyze large datasets quickly and produce
detailed taxonomic profiles that help researchers understand the diversity and
structure of microbial communities, such as those in human microbiomes,
environmental samples, or other ecosystems.

Steps:
1. Upload deduplicated FASTA files.

2. Run MetaPhlAn2 with default or custom settings.
3. Export the resulting taxonomic profiles.
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Functional Annotation in Metagenomics

AnKit Singh Negi"”*

! Amity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow,
UP, India

Abstract: Functional annotation in metagenomics plays a critical role in understanding
microbial communities' functional potential, especially in disease contexts like
Parkinson’s Disease (PD). This process involves identifying genes and proteins through
sequence alignment, domain-based methods, enzyme classification, and emerging
machine-learning techniques, offering insights into microbial roles and interactions
within ecosystems. This metagenomic analysis provides valuable information about
microbial pathways and gene families that may influence the disease’s progression.
Tools such as SortMeRNA, HUMAnN2, and the Combine MetaPhlAn2 with
HUMAnN2 outputs are key in analyzing microbial pathways and gene families,
quantifying their abundance and functional roles. The integration of MetaPhlAn2 and
HUMAnNN2 enables a comprehensive understanding of taxonomic and functional
profiles, offering insights into microbial contributions to disease mechanisms. In this
study, specific bacterial species like Eubacterium rectale, Stenotrophomonas
maltophilia, Bifidobacterium longum, and Bacteroides vulgatus, which show distinct
pathway and gene family abundances linked to essential metabolic functions such as
nucleotide and amino acid metabolism. Pathways such as purine biosynthesis,
carbohydrate metabolism, and sulfur metabolism are implicated in cellular energy
production and oxidative stress, key factors in PD. Gene families related to protein
synthesis, metal transport, and stress responses highlight potential disruptions in
neuroinflammation, neuronal survival, and cellular maintenance in PD. This analysis
emphasizes the role of microbial communities in influencing the biochemical
environment of PD, contributing to novel insights into disease mechanisms and
potential therapeutic avenues.

Keywords: Domain-based methods, Enzyme classification, Functional
annotation, Gene families, HUMAnNN2, Metagenomics, Machine learning
methods, Pathways, SortMeRNA, Sequence alignment.

INTRODUCTION

Functional annotation in metagenomics is the process of identifying and assigning
biological roles to genes or proteins discovered in complex microbial communi-
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ties, using data generated from metagenomic sequencing. This step is crucial for
deciphering the functional potential and ecological roles of microorganisms
within their environments. By comparing sequences to known databases, such as
KEGG, COG, or Pfam, researchers can infer gene functions, metabolic pathways,
and protein interactions [1]. Advanced computational tools, including homology-
based methods, machine learning algorithms, and functional domain predictions,
enable the annotation of unknown or novel genes, expanding our understanding of
microbial diversity and their biochemical capabilities [2]. Functional annotation
not only sheds light on microbial interactions and ecosystem dynamics but also
facilitates the discovery of industrially or medically relevant enzymes, bioactive
compounds, and novel biosynthetic pathways, driving innovations in
biotechnology and medicine [3].

As discussed in Chapter 6, Metagenomic Taxonomic and Phylogenetic
Classification, metagenomic analysis provides insights into the microbial diversity
and functional potential of microbial communities. In this chapter, we delve into
the functional annotation of metagenomic data in the context of Parkinson's
Disease (PD), with a focus on analyzing microbial pathways and gene families.
This study integrates tools such as SortMeRNA, HUMAnN2, and Combine
MetaPhlAn2 and HUMANN?2 outputs to unravel the functional implications of
microbial communities in PD.

SEQUENCE ALIGNMENT

Sequence alignment is one of the most widely used methods for functional
annotation. This approach compares the predicted gene sequences against
reference databases such as NCBI NR (Non-Redundant protein database),
UniProt, or KEGG [4 - 6]. The goal is to identify homologous genes that share
evolutionary similarities, which may indicate similar biological functions. The
most common tool for performing this task is BLAST (Basic Local Alignment
Search Tool). When a gene is compared against a database, BLAST returns
sequences with the highest similarity, known as hits [7]. If a match is found
between the query gene and a gene with a known function in the reference
database, the function of the best-matching gene can be assigned to the predicted
gene. However, sequence alignment-based annotation depends on the quality of
the reference databases and the availability of homologous genes with well-
characterized functions.

Domain-based Methods

Domain-based methods focus on conserved protein domains as a means of
assigning biological functions to genes. Protein domains are distinct regions of a
protein that have specific structural and functional properties, and these domains
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are often conserved across different species. Databases like Pfam and InterPro
catalog these conserved protein domains, providing a reliable source for
annotating gene functions.

- Pfam: A popular database of protein families and domains [8]. Pfam assigns
function based on the presence of specific conserved domains within the protein.
The database includes alignments of multiple sequences representing known
protein families and provides a functional description based on these families.

- InterPro: The InterPro database offers a comprehensive classification of protein
sequences into families, while also identifying functionally significant domains
and conserved regions [9]. It combines information from different databases to
provide a comprehensive functional annotation based on conserved protein
domains and motifs.

Predicted protein sequences are scanned for known domains and motifs, and if a
match is found with a domain in these databases, the gene is annotated with the
associated functional description, allowing functional information to be inferred.

Enzyme Classification

Enzyme classification is another critical approach in functional annotation,
particularly for understanding metabolic pathways and biochemical processes.
Tools such as EggNOG (Evolutionary Genealogy of Genes: Non-supervised
Orthologous Groups) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
assign genes to specific enzyme classes based on their sequence and functional
annotations [10]. These tools map genes to predefined categories of enzymes
(such as hydrolases, oxidoreductases, efc.) based on sequence similarity or
functional properties. This method is particularly valuable in metabolic studies,
where understanding the roles of enzymes within biochemical pathways is crucial.
By identifying enzymes and their associated reactions, researchers can gain
insights into how genes contribute to cellular metabolism, regulation, and energy
production. Enzyme classification also aids in constructing metabolic network
models and understanding complex biological systems.

Machine Learning Methods

Machine learning, particularly deep learning, is an emerging approach in
functional annotation. This technique involves training machine learning models
on large datasets of annotated genomes, where each gene’s sequence is associated
with its biological function. Over time, the model learns to identify patterns and
features in the sequence data that are predictive of function. Deep learning
methods, such as neural networks, are particularly powerful because they can
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Abstract: Metatranscriptomics has emerged as a powerful tool for analyzing complex
microbial communities and their functional activities, providing dynamic insights into
active genes and pathways within microbiomes. Recent advancements in sequencing
technologies, data analysis pipelines, and integration with other omics approaches have
significantly enhanced the field. However, challenges persist, including the need for
comprehensive reference databases, efficient rRNA removal techniques, and de novo
assembly for mixed microbial populations. Researchers have developed specialized
tools and methodologies to address these issues, expanding the applications of
metatranscriptomics across environmental microbiology, human health studies, and
agriculture. The approach has shown promise in understanding plant-microbe
interactions, developing sustainable farming practices, and identifying potential
biomarkers for health and disease in human microbiome research. Integration with
other omics approaches, such as metagenomics, metabolomics, and metaproteomics, is
becoming increasingly important for a comprehensive understanding of microbial
community structure and function. As the field evolves, continued development of
sequencing technologies, bioinformatics tools, and standardized protocols will likely
lead to new discoveries in microbial ecology, human health, and environmental
science.

Keywords: Bioinformatics  tools, Metatranscriptomics, Metagenome,
Metaproteome, Microbiota, Next generation sequencing, Omics technology,
RNA, Transcriptomic assembly, Taxonomy.

INTRODUCTION

Metatranscriptomics is gaining recognition as a potent method for functionally
characterizing complex microbial ecosystems (microbiomes). The application of
unbiased RNA-sequencing can uncover both the taxonomic makeup and active
biochemical processes within a diverse microbial community. Nevertheless, the
scarcity of established reference genomes, along with limited computational
tools and workflows, makes it difficult to analyze and interpret these datasets. To

" Corresponding author Sweksha Ranjan: Amity Institute of Biotechnology, Amity University Uttar Pradesh,
Lucknow Campus, Lucknow, UP, India; E-mail: sweksha.ranjan@gmail.com

Ruchi Yadav & Deepti Nigam (Eds.)
All rights reserved-© 2026 Bentham Science Publishers


mailto:sweksha.ranjan@gmail.com

Metatranscriptomics Analysis Integrative Metagenomics: Techniques, Analysis, and Applications 83

demonstrate the capacity of such workflows to provide meaningful biological
insights into microbiome function, there is a need for systematic studies that
compare data across different microbiomes [1]. The evolution of sequencing
technologies has not only transformed metagenomic studies but also enhanced
methods for examining gene expression comprehensively. The understanding of
how host gene expression influences cellular and tissue-level processes has
progressed significantly, moving from the initially described differential display
technique to a more holistic transcriptome analysis using microarrays. This shift
has greatly improved our ability to investigate the crucial impacts of gene
expression in biological systems [2].

Despite the growing popularity of metatranscriptomics, which examines the
activity of diverse microbial populations using RNA-seq data, biologists face
limited options for analyzing such information. Existing methods for processing
metatranscriptomes either depend on restricted databases and specialized
computing resources or employ metagenome-based techniques that have not been
thoroughly assessed for their effectiveness in handling metatranscriptomic
datasets [3]. The study of human (and other animal) microbiomes, as well as those
found in or on plants, in soils, and in aquatic settings, has all been the subject of
metatranscriptomics. Freshwater bacterioplankton populations were the subject of
one of the earliest metatranscriptomic investigations, which detailed 400
environmental transcripts from two locations. Among the world's most varied
ecosystems are soils. They usually include a wide variety of bacteria, viruses,
archaea, and eukaryotes in astounding quantities. Only a few studies have used
metatranscriptomics to distinguish active microorganisms from more sedentary
soil dwellers, despite the fact that metagenomic sequencing is commonly used to
define these complex microbiomes. Thanks to sequencing technologies that have
enabled the description of human gut microbial diversity across large human
cohorts, our understanding of the human microbiome has quickly evolved during
the past ten years. Many studies are now using metatranscriptomics to better
understand the interactions between microbes and their host, to identify active
pathways of importance, and to determine how expressed functions may impact
disease progression and severity, even though previous studies have primarily
focused on describing the taxonomic composition of microbial communities and
their functional potential [4].

The variety of microorganisms (mostly bacteria and fungi) that populate
multicellular, macroscopic creatures is known as the microbiota. They are
essential for a number of metabolic processes that impact the host's health.
However, challenges in growing microorganisms on conventional growth media
make it difficult to investigate the makeup of the microbiota. Therefore, the
examination of microbial macromolecules (DNA, RNA, proteins, or by-products)



84 Integrative Metagenomics: Techniques, Analysis, and Applications Ranjan and Yaday

found in different host samples might further our understanding of microbiota.
Data is obtained using a variety of omics methods. The sample's taxonomical
profile is provided using metagenomics. Additionally, it may be utilized to gather
possible functional data. At the same time, metatranscriptomics may identify
genes that influence the microbiota's connection with its host and describe the
components of a microbiome that perform certain tasks. Therefore, microbiome
refers to the microorganisms and their genes living in a determined environment,
whereas microbiota refers to microorganisms living in a determined environment
(taxonomy of microorganisms identified). Naturally, metagenomics focuses on
the genes and collective functions of identified microorganisms. By identifying
the metabolite fluxes and the products discharged into the environment,
metabolomics completes this framework [5].

Transcriptomics, initially achieved by microarrays and currently mostly through
RNA sequencing (RNA-seq), offers one of the most manageable connections
between an organism's biological activity and genetic potential. Recently, the use
of metatranscriptomics (MTX) to characterize whole-community RNA has
evolved similarly to the shift in DNA sequencing from single genomes to
microbial community shotgun metagenomes [metagenomics (MGX)]. Both
fundamental biological information and epidemiological biomarkers, that is, high-
dimensional diagnostics for the present health state or prognostics for future
health outcomes, can be obtained from MTX in the human microbiome. In the
field of molecular epidemiology, MTX biomarkers hold a special place. Gene
expression in the microbiome varies throughout time, in contrast to human
genetics. Because of the microbiome's personalization, MTX can be much more
subject-specific than human transcriptomes; similar to tissue-specific
transcription, MTX is specific to body sites, capturing local molecular activity,
and in rare instances, human and microbial transcriptional profiles can be directly
combined to observe host-microbe interactions. MTX changes much more quickly
than microbiome membership (MGX), giving a shorter memory of more recent
exposures [6].

More diversified tRNA genes than are required for translation are found in many
animals, indicating functions beyond protein synthesis. It has also been
demonstrated that tRNA genes rapidly evolve to satisfy new translational
requirements. When a tRNA gene was lost in yeast, it was replaced by another
tRNA gene mutation within 200 generations [7]. Numerous species are gradually
revealing new forms of short RNAs that are different from microRNAs
(miRNAs). A library of 17-26 base-length RNAs was generated from prostate
cancer cell lines and sequenced using ultra-high-throughput sequencing in order
to find such unique short RNAs [8].
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Abstract: Metagenomics, a groundbreaking field in microbiology, enables the direct
analysis of genetic material from environmental samples, providing unprecedented
insights into microbial diversity, functional potential, and ecological interactions. This
approach, utilizing advanced bioinformatics tools and computational techniques, allows
for taxonomic profiling, identification of microbial species, and analysis of functional
gene content. The integration of metagenomics with multi-omics approaches, including
genomics, transcriptomics, proteomics, and metabolomics, offers a holistic
understanding of microbial communities and their roles in diverse ecosystems. These
integrative methods facilitate the linking of genetic potential with actual biological
functions and interspecies interactions, despite challenges such as data complexity and
reliance on computational models. Applications of metagenomics span environmental
microbiology, human health, agriculture, and industrial processes. In human
microbiome studies, multi-omics approaches have become essential for understanding
the microbiome's complexity and its role in precision medicine. Environmental
metagenomics has significantly contributed to our understanding of ecosystem
resilience and functioning, revealing microbial activities crucial for nutrient turnover
and carbon cycling. In agriculture, metagenomics has led to the development of
biopesticides and fertilizers by uncovering key microbial taxa involved in disease
suppression and nutrient cycling. Despite challenges in data integration and analysis,
ongoing advancements in computational techniques and technology are expected to
overcome these limitations, paving the way for more widespread application of multi-
omics approaches in various fields.

Keywords: Genomic, Human microbiome, Machine learning, Metagenomics,
Metabolomics, Microbiology, Microbial activity, Microbiome, Multi-omics,
Proteomics.

INTRODUCTION

The groundbreaking science of metagenomics examines microbial diversity,
functional potential, and ecological interactions at a never-before-seen scale by
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directly analyzing genetic material from environmental samples rather than
culturing microbes [1, 2]. With the use of sophisticated bioinformatics tools and
computational techniques, this technique offers insights into taxonomic profiling,
allowing researchers to identify microbial species, their relative abundance, and
their functional gene content [3, 4]. It has been crucial in identifying new
microbial enzymes, comprehending microbial networks, and developing uses like
bioremediation and ecological monitoring [5, 6]. The integration of metagenomics
with multi-omics approaches, such as genomics for studying DNA,
transcriptomics for analyzing RNA expression, proteomics for protein profiling,
and metabolomics for identifying metabolic products, provides a holistic
understanding of microbial communities and their roles in diverse ecosystems [4,
7]. While tackling issues like data complexity and dependence on computational
models, these integrative approaches allow researchers to link genetic potential
with real biological functions and interspecies interactions, promoting
applications in environmental microbiology, human health, agriculture, and
industrial processes [2, 6].

TYPES OF OMICS IN METAGENOMICS

By directly analyzing genetic material from environmental samples rather than
cultivating microorganisms, the revolutionary science of metagenomics enables
the investigation of microbial diversity, functional potential, and ecological
interactions on a never-before-seen scale. With the use of sophisticated
bioinformatics tools and computational techniques, this technique offers insights
into taxonomic profiling, allowing researchers to identify microbial species, their
relative abundance, and their functional gene content [3, 4]. It has been crucial in
identifying new microbial enzymes, comprehending microbial networks, and
developing uses like bioremediation and ecological monitoring [5, 6]. A
comprehensive understanding of microbial communities and their functions in
various ecosystems is made possible by the combination of metagenomics with
multi-omics techniques, such as transcriptomics for RNA expression analysis,
proteomics for protein profiling, metabolomics for metabolic product
identification, and genomics for DNA study [2, 4]. While tackling issues like data
complexity and dependence on computational models, these integrative
approaches allow researchers to link genetic potential with real biological
functions and interspecies interactions, promoting applications in environmental
microbiology, human health, agriculture, and industrial processes [2, 6].

STRATEGIES FOR MULTI-OMICS INTEGRATION

A thorough understanding of biological systems requires the integration of multi-
omics data, which combines knowledge from several omics layers, including
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transcriptomics, proteomics, metabolomics, and genomes. Researchers might
uncover intricate patterns, connections, and regulatory mechanisms that single-
omics investigations might miss by examining these layers collectively.
Integration of multi-omics is becoming more and more important for systems
biology, personalized medicine, and the creation of innovative treatment
approaches. However, because of variations in data kinds, sizes, and quality,
combining disparate datasets poses substantial hurdles. Numerous creative
approaches and techniques have been created to handle these problems, each
suited to certain applications and research requirements.

CO-EXPRESSION AND NETWORK ANALYSIS

Network-based techniques and co-expression analysis are two of the most popular
methods for combining multi-omics data. Co-expression analysis provides
information on the relationships between molecular entities by comparing the
levels of gene expression with the concentrations of metabolites or the abundance
of proteins [8]. These techniques aid in locating regulatory circuits and modules
that are essential to biological processes. Metabolite-gene networks, for instance,
are able to map the complex relationships between metabolites and the genes that
encode the enzymes that synthesize or degrade them [9].

By mapping the relationships across several omics levels, network-based
techniques like interactome analysis go beyond this. Interactomes create a
comprehensive picture of biological systems by combining information on
functional and physical interactions.

[8, 9]. Since changes in certain networks can be connected to abnormal
phenotypes, these methods are very useful when researching disease mechanisms.
In this context, graph-based models are being used more and more because they
allow researchers to combine and display multidimensional data in a single
framework [10].

MACHINE LEARNING AND STATISTICAL METHODS

Machine Learning (ML) plays a pivotal role in managing the size and complexity
of multi-omics datasets in metagenomics. Across omics layers, ML algorithms-
including supervised and unsupervised learning approaches-make it easier to find
patterns, clusters, and predictive biomarkers [8]. For example, correlation-based
techniques are used to identify connections among metabolomic, transcriptomic,
and genomic characteristics. In metagenomic research, these approaches have
been used to classify microbial communities, identify disease-associated
biomarkers, and predict host phenotypes by integrating data across taxonomic,
functional, and metabolic profiles.
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CHAPTER 10
Metagenome-Wide Association Studies (MWAS)
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Abstract: Metagenome-Wide Association Studies (MWAS) have altered our
understanding of the complexity between microbial communities and human health. By
analysing the genomes of microbial populations, MWAS enables researchers to
identify associations between specific microbial taxa, genes, or functions and various
phenotypic traits, including diseases. This chapter provides an overview of MWAS,
including its historical development, key principles, and methodological frameworks. It
also discusses the challenges associated with MWAS, such as data complexity, biases
in sampling and sequencing, and the need for statistical analyses. Furthermore, this
chapter also explores the diverse applications and the emerging trends, such as the
integration of artificial intelligence and machine learning, and the potential of MWAS
to drive personalized medicine. Despite the challenges, MWAS holds immense
promise for advancing our understanding of the microbiome and its impact on human
health and the environment.

Keywords: 16S rRNA sequencing, Artificial intelligence, Functional profiling,
Human microbiome, Machine learning, Metagenome-Wide Association Studies
(MWAS), Metagenomics, Microbial communities, Microbial diversity, Microbial
ecology, Microbiome, Personalized medicine., Precision medicine, Shotgun
metagenomics, Statistical analysis.

INTRODUCTION

Metagenome-Wide Association Studies (MWAS) represent a transformative
approach in modern biology to explore the relationships between microbial
communities (the microbiome) and their associated environments, hosts, or
diseases. Unlike traditional genomics, which focuses on single organisms, MWAS
assesses the collective genomes of microbial populations (the metagenome) to
identify specific taxa, genes, or functions that correlate with phenotypic traits or
diseases [1]. MWAS offers a genome-wide perspective by examining the entire
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microbial ecosystem rather than focusing on a single microbe, providing a more
holistic understanding of the microbiome's role in health and disease. It utilizes
statistical and computational tools to establish associations between microbial
components and phenotypes, offering valuable insights. Like Genome-Wide
Association Studies (GWAS), MWAS employs an unbiased screening approach,
avoiding assumptions about which specific microbes or genes are relevant, thus
enabling the discovery of new, previously unconsidered microbial associations

[2].

MWAS is crucial for gaining a deeper understanding of complex ecosystems like
the human gut microbiome, soil microbiota, or ocean microbiomes. It plays a key
role in identifying biomarkers for diseases, advancing diagnostics, personalized
medicine, and therapeutics. MWAS is also essential for studying critical issues
such as antibiotic resistance, pathogen-host interactions, and the ecological roles
of microbial communities [3]. By bridging the gap between microbial ecology,
evolution, and applied biomedical research, MWAS facilitates precision
approaches in both health and agriculture.

HISTORICAL DEVELOPMENT OF MWAS

The development of MWAS can be traced to advancements in sequencing
technologies and bioinformatics tools in the early 2000s, as shown in Fig. (1).
While studies on microbiomes had existed prior, the ability to analyze entire
microbial genomes revolutionized the field [4].

Paradigm Shift Enabled by MWAS

Traditional microbiology was largely dependent on culturing microbes in the
laboratory, a method that often overlooked the vast majority of microbial
diversity, particularly those microbes that are difficult or impossible to culture.
MWAS overcame this limitation by enabling the study of “unculturable”
microbes, broadening our understanding of microbial ecosystems [5].
Furthermore, the shift from 16S rRNA-based studies to whole-genome
metagenomics marked a significant expansion in the scope of microbiome
research. While 16S rRNA sequencing focused primarily on taxonomic
identification, whole-genome metagenomics allows for a more comprehensive
approach, encompassing not only taxonomic classification but also functional and
metabolic profiling of microbial communities [6]. This transition has
revolutionized the study of microbiomes, providing deeper insights into the roles
of microbes beyond mere identification [7].
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Emergence of Metagenomics (1998-2004): The first metagenomic studies, such as the
Sargasso Sea microbiome project [7], laid the groundwork for analyzing microbial
communities without culturing.

~
Advances in Sequencing Technologies (2005-2010): The rise of next-generation
sequencing (NGS) platforms such as Illumina and 454 made high-throughput, cost-effective
sequencing possible [8].

First MWAS Studies (2011-2015): Early MWAS studies began linking microbial profiles
to diseases such as inflammatory bowel disease (IBD), obesity, and diabetes [1][9].

Shift Toward Functional Insights (2015-present): Modern MWAS incorporates
metatranscriptomics, metaproteomics, and metabolomics to complement DNA-based
insights, providing a more comprehensive view of microbial functionality [10].

Fig. (1). Key Milestones in the history of MWAS development.

ASSOCIATION STUDIES

MWAS aims to link microbial features (e.g., species, genes, or metabolic
pathways) to host phenotypes (e.g., disease traits, health status). Understanding
these associations can help unravel how microbial communities contribute to
health and disease. This section focuses on the foundational principles of
association studies, statistical approaches, study design, and the challenges posed
by confounding factors and bias. These studies examine how microbial
composition and functions are linked to diseases, traits, or health conditions in
human populations [8]. There are three types of association studies, as shown in

Fig. (2).

Association
Studies

Metagenome- Genome-Wide
Wide Association Association
Studies (MWAS) Studies (GWAS)

Phenotype Wide

Association
Studies

Fig. (2). Different types of association studies.



120 Integrative Metagenomics: Techniques, Analysis, and Applications, 2026, 120-130

CHAPTER 11

Experimental Validation Technique in Wet-Lab
Metagenomics
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Abstract: Metagenomics has transformed microbial ecology by enabling the study of
complex microbial communities without the need for cultivation. This field, which
analyzes genetic material from environmental samples, provides insights into microbial
diversity, functionality, and ecological interactions. Despite advancements in
sequencing technologies, the predictions made through bioinformatics must be
experimentally validated to ensure their accuracy and biological relevance. Wet-lab
techniques, including nucleic acid quantification, PCR, functional assays, Fluorescence
In Situ Hybridization (FISH), and sequencing-based validation, are critical for
confirming computational predictions. These experimental methods help validate the
presence of genes, the abundance of microbial taxa, and the functionality of predicted
pathways. The integration of bioinformatics tools with experimental validation offers a
more holistic approach, bridging in silico predictions with real-world applications.
However, challenges persist, including sample complexity, DNA degradation, biases in
PCR, and the unculturability of many microorganisms. Emerging technologies such as
single-cell sequencing, high-throughput cultivation, CRISPR-based validation, and
multi-omics integration offer exciting opportunities to overcome these barriers and
advance our understanding of microbial ecosystems. Future innovations in automation,
synthetic biology, and high-resolution imaging will further enhance metagenomic
research, with potential applications in fields like bioenergy, environmental
sustainability, and human health.

Keywords: 16S rRNA sequencing, Bioinformatics, Disease, Experimental
validation, Health, Human microbiome, Metagenomics, Microbial communities,
Microbial ecology, Microbiome, PCR, Shotgun metagenomics.

INTRODUCTION

Metagenomics has revolutionized the study of microorganisms, enabling scientists
to explore the diverse microbial communities that inhabit various ecosystems,
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from the human gut to extreme environments. Experimental validation is critical
for metagenomic studies to confirm the predictions derived from bioinformatics
analyses, ensuring accuracy and functional relevance. This chapter introduces the
concept of metagenomics, explains the role of experimental validation, and
provides an overview of wet-lab techniques that serve as the backbone for
validating computational findings. Metagenomics is the direct study of genetic
material obtained from environmental samples without culturing organisms. It
provides insights into the diversity, functional potential, and ecological
interactions of microbial communities [1]. This field emerged as a response to the
limitations of culture-based methods, which can only analyze a fraction of
microbial diversity due to the uncultivability of many organisms under standard
laboratory conditions [2].

Metagenomic studies can be categorized into two main approaches: shotgun
metagenomics, a comprehensive sequencing method that captures the entire
genetic material in a sample, enabling taxonomic and functional analysis [3], and
amplicon sequencing, a targeted approach focusing on specific genes such as the
16S rRNA gene for bacterial identification, ITS regions for fungi, and other
functional markers [4]. With advancements in sequencing technologies like
[llumina, PacBio, and Oxford Nanopore, metagenomics has become a powerful
tool for analyzing microbial ecosystems across diverse environments, including
soil, marine, and human microbiomes. A key aspect of metagenomics is that it
bypasses the need for cultivation, enabling researchers to identify and study both
culturable and unculturable microorganisms. While metagenomics primarily relies
on bioinformatics for the analysis of massive datasets, experimental validation
remains indispensable. Bioinformatic tools predict the presence of genes,
pathways, and organisms; however, these predictions often require wet-lab
validation to confirm their functional relevance and accuracy [5].

For instance, genes identified as encoding specific enzymes (e.g., cellulases,
proteases) through computational tools need functional assays to validate their
biochemical activity [6], and predicted microbial abundance from amplicon
sequencing requires quantitative PCR (qPCR) for experimental confirmation [7].
Experimental validation is crucial as it ensures accuracy by reducing false
positives and negatives resulting from computational biases, confirms
functionality by verifying enzyme activity, metabolic pathways, and gene
expression, and bridges in silico and real-world data, linking predictions to
practical applications such as identifying probiotic strains or enzymes for
industrial processes [8].

Wet-lab techniques play a vital role in all stages of a metagenomics study, from
sample collection to validation of bioinformatics outputs. These techniques enable
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researchers to extract and quantify nucleic acids, which is essential for
downstream sequencing and validation experiments [9], amplify specific genes
using PCR-based methods to validate predicted genes and their abundance, and
confirm functionality through functional assays such as enzyme activity tests [6].
Visualization of microbial communities is also achieved through techniques like
Fluorescent In Situ Hybridization (FISH) and microscopy to locate and validate
microbial taxa within samples [10]. Key wet-lab techniques include PCR-based
methods such as quantitative PCR (qPCR) and digital droplet PCR (ddPCR) [11],
sequencing approaches like amplicon sequencing and whole-genome sequencing
[3], functional validation methods including enzyme assays, metabolomics, and
proteomics to confirm biochemical roles, and cultivation-based validation to grow
microbes in the lab and confirm computational predictions [12].

METHODOLOGY USED IN EXPERIMENTAL VALIDATION

Sample collection and preparation form the foundation of metagenomic studies, as
accurate sampling, preservation, and processing directly influence the quality,
reproducibility, and reliability of the results. Given the complexity of microbial
ecosystems, stringent protocols are required to minimize biases and ensure
representative results [13]. The first step is collecting a sample that accurately
represents the microbial community, considering the diversity of environments
such as soil, water, and host-associated microbiomes. Improper sampling can
result in underrepresentation or loss of key taxa. Sampling strategies involve
combining multiple spatially distributed subsamples to reduce variability for
environmental samples, selecting specific locations for host-associated
microbiomes, and using longitudinal sampling for time-sensitive studies [14].

The use of sterile tools and aseptic techniques is essential to prevent
contamination, with different collection methods tailored to sample types, core
samplers, and homogenization for soil, filtration for water, and swabs or biopsies
for host samples [15]. Avoiding sampling bias requires consideration of spatial
heterogeneity, temporal variability, and depth-specific sampling [16]. Once
collected, samples must be preserved to prevent degradation and maintain
microbial integrity, with techniques such as freezing at -20°C or -80°C,
cryoprotectants like glycerol, chemical fixatives such as RNAlater, and
lyophilization for remote areas [17]. Challenges in preservation include DNA
degradation due to enzymatic activity and RNA's sensitivity to environmental
factors, requiring proper handling to avoid contamination and degradation [18].

Nucleic acid extraction is critical for downstream analysis, with challenges such
as low biomass, diverse cell types, and inhibitory compounds in environmental
samples [19]. Various extraction methods are employed, including mechanical
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CHAPTER 12

Metagenomics in Human Disease and Drug
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Abstract: Metagenomics, the study of genetic material recovered directly from
environmental samples, has revolutionized our understanding of microbial
communities and their impact on human health. This approach bypasses traditional
culturing methods, enabling the analysis of complex microbial ecosystems within the
human body, such as the gut, skin, and oral cavity. This review explores the
fundamental concepts of metagenomics, including its techniques, tools, and
applications in understanding human diseases and driving drug discovery. We discuss
the crucial role of the human microbiome in health and disease, highlighting its
involvement in conditions like inflammatory bowel disease, obesity, diabetes, and
cancer. Metagenomics provides insights into infectious diseases by enabling rapid
pathogen identification and tracking antimicrobial resistance. In drug discovery, it
facilitates the identification of novel therapeutic compounds, uncovers new drug
targets, and informs the development of microbiome-modulating therapies. The
integration of metagenomics with other omics technologies (metatranscriptomics,
metabolomics, proteomics) and the application of artificial intelligence and machine
learning are enhancing our understanding of microbiome functions and interactions.
Despite challenges related to sample collection, data analysis, and ethical
considerations, metagenomics holds immense potential for personalized medicine,
microbiome-based biomarkers, and the development of innovative therapeutic
strategies. Large-scale initiatives and advancements in sequencing technologies are
paving the way for future research, promising to unlock the full potential of
metagenomics in improving human health.

Keywords: Drug discovery, Human disease, Metagenomics, Microbiome, Omics
integration.
INTRODUCTION

Metagenomics is a branch of genomics that involves the study of genetic material
recovered directly from environmental samples, bypassing the need for culturing
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individual microbial species. It aims to analyze the collective genomes of
microbial communities found in various environments, such as the human body,
soil, oceans, or extreme habitats [1]. Unlike traditional microbiology, which often
isolates and characterizes single species, metagenomics allows for a more holistic
approach by capturing the diversity of microbiota present in a sample. This
concept was first introduced by Jo Handelsman and colleagues in 1998, who
proposed the idea of “environmental genomics” as a way to explore microbial
communities that are difficult to culture. Since then, the technology has evolved
with high-throughput sequencing, enabling researchers to access and sequence the
DNA of entire microbial communities.

The advent of Next-Generation Sequencing (NGS) technologies, such as [llumina
sequencing, 454 pyrosequencing, and Oxford Nanopore sequencing, has
revolutionized metagenomics by enabling rapid and cost-effective sequencing of
large, complex DNA samples. These technologies allow for the generation of
massive amounts of data, which has driven significant discoveries in both
environmental microbiomes and the human microbiome. With these
advancements, researchers can now sequence hundreds of thousands to millions
of DNA fragments simultaneously, yielding rich data sets that provide insights
into the taxonomic and functional diversity of microbial communities [2].

The human body is home to trillions of microorganisms, including bacteria,
viruses, fungi, and archaea, collectively known as the microbiome. These
microorganisms play a crucial role in maintaining human health, contributing to
functions such as digestion, immune system modulation, and protection against
pathogens. Disruption of this delicate balance, known as dysbiosis, has been
linked to a variety of diseases, including gastrointestinal disorders, metabolic
diseases, neurological conditions, and autoimmune diseases. Metagenomics
provides an unprecedented view of the microbial composition of the human body,
enabling the identification of microbial signatures associated with diseases. In
drug discovery, metagenomics offers the potential to uncover novel therapeutic
compounds, identify drug-resistant pathogens, and enhance the development of
personalized medicine [3].

The human microbiome is integral to the development and progression of various
diseases. Changes in its composition and diversity, or dysbiosis, can influence
disease susceptibility. For example, dysbiosis in the gut microbiome is a hallmark
of Inflammatory Bowel Diseases (IBD), such as Crohn’s disease and ulcerative
colitis. Altered microbiomes are also implicated in metabolic conditions such as
obesity, type 2 diabetes, and cardiovascular diseases. In oncology, emerging
studies suggest that the gut microbiome may influence cancer development and
response to treatment. Microbes have been shown to modulate immune responses
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and may affect the efficacy of cancer therapies, including immune checkpoint
inhibitors [4].

Metagenomics offers a revolutionary approach to drug discovery by enabling the
identification of previously unknown microbial genes with therapeutic potential.
Sequencing DNA from environmental or human microbiomes allows scientists to
uncover novel compounds, such as antibiotics, which could be developed into
new drugs [5]. The discovery of the antibiotic teixobactin from soil-derived
bacteria highlights the potential of metagenomics for finding new therapeutics.
Additionally, metagenomics plays a key role in understanding microbial drug
resistance. By identifying resistance genes in environmental samples, researchers
can track the spread of Antimicrobial Resistance (AMR), a growing global health
threat. Metagenomic surveillance offers real-time monitoring of these genes and
informs strategies to combat AMR [6].

One of the most exciting applications of metagenomics is in personalized
medicine. As researchers uncover the links between the microbiome and
individual health conditions, there is increasing potential for personalized
therapies tailored to a person’s unique microbiome. By analyzing a patient’s
microbial makeup, clinicians could predict drug responses, recommend dietary
changes, and even identify biomarkers for early disease detection. Combining
metagenomics with other “omics” technologies, such as genomics,
transcriptomics, and proteomics, enables a more comprehensive understanding of
individual health. This approach is especially promising for personalized cancer
treatments, where microbiome characteristics may influence treatment success [4 -
6].

METAGENOMICS AND HUMAN DISEASES

Metagenomics, the study of genetic material recovered directly from
environmental samples, has dramatically transformed our understanding of human
diseases. Its application in identifying microbial communities and their role in
human health has enabled insights into pathogenesis, disease diagnostics, and
therapeutic strategies. Here’s a deep dive into how metagenomics intersects with
human diseases [6].

Role of Microbiome in Human Health and Diseases

The human microbiome, consisting of trillions of microorganisms inhabiting the
human body, plays a pivotal role in maintaining health, contributing to processes
such as digestion, immune modulation, and protection against pathogens.
Disruption of these microbial communities (dysbiosis) is linked to numerous
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CHAPTER 13

Current Research in Metagenomics
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Abstract: Metagenomics has emerged as a powerful tool for studying the composition,
diversity, and function of microbial communities in diverse environments. This chapter
explores the latest advancements in metagenomics, focusing on its contribution to
research across various scientific disciplines. Metagenomics, which enables high-
throughput sequencing technologies, has revolutionized the study of microbial
communities by allowing for the direct analysis of microbial DNA from environmental
and host-associated samples, bypassing traditional cultivation methods. This highlights
the diverse current research on metagenomics in areas such as human health,
environmental science, agriculture, food science, and industrial biotechnology. This
chapter emphasizes the transformative potential of metagenomics in advancing our
understanding of microbial life and its applications in science and technology.

Keywords: Antimicrobial resistance (AMR), Bioactive compounds,
Bioremediation, Dysbiosis, Environmental microbiology, Extremophiles, Human
microbiome, Industrial biotechnology, Microbial communities, Nutrient cycling,
Personalized medicine, Probiotics, Sequencing technologies, Soil microbiomes,
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INTRODUCTION

Metagenomics has revolutionized our understanding of microbial communities by
providing a powerful tool to explore the vast diversity of life in a range of
environments. Unlike traditional methods that focus on individual species,
metagenomics enables the study of entire microbial communities, allowing for a
comprehensive view of their genetic makeup and functional potential [1]. This
approach is transforming research across multiple disciplines, such as human
health, environmental microbiology, industrial areas, and food microbiology, as
shown in Fig. (1).
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Fig. (1). Shows current research going on in the field of metagenomics.
CURRENT RESEARCH IN METAGENOMICS

In the field of human microbiome research, metagenomics has revealed the
complex relationships between microbes and various health conditions, such as
obesity, diabetes, and inflammatory bowel diseases. It is also advancing
personalized medicine, including therapies such as fecal microbiota
transplantation (FMT) [2]. In environmental microbiology, metagenomic studies
of soil, marine, and extreme habitats are revealing new microbial species,
enzymes, and extremophiles with significant biotechnological potential. Industrial
sectors are leveraging metagenomics to optimize biofuel production, wastewater
treatment, and bioremediation efforts. Additionally, food microbiology benefits
from metagenomic insights that improve food safety and fermentation processes

[3].

This chapter provides an overview of the current research in metagenomics,
highlighting its applications, ongoing studies, and exciting potential for the future
of science and technology. Through these advances, metagenomics is not only
expanding our knowledge of microbial life but also offering innovative solutions
to some of the world’s most pressing challenges.
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Human Microbiome Research

Gut Microbiome and Human Health

Metagenomics plays a key role in understanding the connection between the gut
microbiota and obesity. Imbalances in the gut microbiota can contribute to the
development of various conditions, including Crohn's disease, inflammatory
bowel disease, obesity, and age-related issues. By using advanced sequencing
techniques, researchers can analyse the composition of the gut microbiome in
obese and lean individuals [4].

Research by Salazar-Jaramillo er al. revealed a connection between gut
microbiome diversity, specifically within the Clostridia class, and human obesity.
By analysing the gut microbiomes of lean and obese individuals through
metagenomic sequencing, the study revealed that lean individuals had greater
Clostridia diversity than obese individuals did. This study proposes that Clostridia
diversity could serve as a potential biomarker for obesity, aiding in the
identification of individuals at risk and guiding personalized interventions such as
dietary changes or probiotic therapies [1].

Several other authors have also identified gut microbial markers associated with
obesity by integrating metagenomic data with clinical and metabolic information
[2]. Researchers have also reported that obese individuals have lower gut
microbial diversity, with certain Firmicutes and Bacteroidetes species enriched in
their microbiomes, which are known to influence energy extraction and fat
storage [3]. Metagenomics has also shed light on the role of the gut microbiota in
diabetes; in particular, insulin resistance is the primary pathophysiological basis
for metabolic syndrome and type 2 diabetes [4]

The link between the gut microbiota and insulin resistance in mice fed a high-fat
diet was explored via an integrated approach combining metagenomic sequencing
and untargeted metabolomics. This study identified novel biomarkers that could
serve as indicators of insulin resistance or potential therapeutic targets,
highlighting the critical role of the gut microbiota and its metabolites in metabolic
diseases such as type 2 diabetes [5]. Therefore, alterations in the gut microbiome
can influence glucose metabolism, either by producing metabolites that affect
insulin sensitivity or by promoting inflammation, which worsens insulin
resistance. By analysing the gut microbiomes of diabetic patients, metagenomics
can identify microbial species that exacerbate or alleviate this condition. This
understanding opens the door for personalized treatment options, including
microbiome-based therapies such as Fecal Microbiota Transplantation (FMT) or
tailored dietary plans.
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Abstract: Metagenomics is transforming our knowledge of microbial communities.
Recent advancements in sequencing technologies, such as long-read sequencing and
single-cell genomics, are enabling more accurate and comprehensive analyses of
complex microbial ecosystems. Multi-omics integration, which combines genomics,
transcriptomics, proteomics, and metabolomics, provides a holistic view of microbial
functions and interactions. Al and ML algorithms transform data analysis, facilitating
the discovery of novel microbial features and predicting their functions. Metagenomics
has also been used in various applications, including personalized medicine,
environmental monitoring, and agriculture. The future of metagenomics holds immense
potential for addressing global challenges and improving human health.

Keywords: Agricultural metagenomics, Artificial intelligence, Bioengineering,
Bioremediation, Deep learning, Extremophiles, Functional annotation, Machine
learning, Metagenome-Wide Association Studies (MWAS), Multi-omics
integration, Network science, Palacometagenomics, Personalized medicine,
Predictive modelling, Single-cell metagenomics, Viral metagenomics.

INTRODUCTION

Computational metagenomics is an evolving field with the capability to
significantly enhance our knowledge of microbial communities. Key areas are
poised for considerable progress, particularly with the use of AI and ML,
including predictive modelling and deep learning. These technologies can help
researchers uncover complex patterns in vast metagenomic datasets, leading to
more precise visions into microbial interactions. Combining metagenomics with
other omics data, such as transcriptomics, proteomics, and metabolomics data,
offers a more comprehensive understanding of microbial ecosystems [1].
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This integrated approach presents a holistic view of microbial interactions.
Additionally, the development of methods for analysing large numbers of single
cells will enable the investigation of microbial diversity with unprecedented
resolution, revealing the complexity within these communities [2]. Investigating
microbial life in extreme environments, such as acidic hot springs, deep-sea
hydrothermal vents, and polar regions, can reveal novel microorganisms with
unique metabolic capabilities. These findings could have transformative
implications for biotechnology and medicine, particularly in the discovery of new
enzymes and biomolecules [3].

Metagenomics offers promising opportunities in the field of personalized
medicine. The development of diagnostic tools based on microbial signatures
could improve early disease detection and diagnosis. Additionally, personalized
probiotic and prebiotic therapies designed to modulate the microbiome could
improve health outcomes, potentially transforming health care practices [4].
Advancing standardized data formats and collaborative platforms will promote
reproducibility and enhance research cooperation in metagenomics. Establishing
ethical standards for the assembly, analysis, and interpretation of data, especially
in human health and environmental contexts, is essential.

By solving these challenges and discovering new opportunities, computational
metagenomics will continue to revolutionize our knowledge of the microbial
world and its relevance to human health and the environment.

TECHNOLOGICAL ADVANCEMENTS IN SEQUENCING

Long-Read Sequencing

Recent advancements in long-read sequencing technologies have significantly
improved metagenomic research, enabling more accurate and complete
metagenome assemblies. These developments have enhanced the characterization
of strain-level pathogens and improved the taxonomic classification and profiling
of microbiomes. These improvements are driven by both increased sequencing
accuracy and ongoing advancements in analysis methods [5].

Long-read sequencing technologies, particularly Pacific Biosciences SMRT
sequencing and Oxford Nanopore Technologies nanopore sequencing, are
expected to greatly enhance metagenomic research. These technologies, which
operate on distinct principles, nanopore sequencing using ionic current
fluctuations and SMRT sequencing to detect fluorescence events, have immense
potential for improving genome assembly, resolving microbial community
structures with greater accuracy, and detecting rare species in complex samples.
As these technologies continue to evolve, they will play a critical role in
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advancing our knowledge of microbial diversity and the fundamental roles of
microbial communities in different types of environments [6].

Multi-Omics Integration

In recent years, integrated multi-omics analyses of microbiomes have gained
significant traction, as the discovery of omics technologies has provided an
unparalleled opportunity in enhancing our understanding of the functional
characteristics of microbial communities. As a result, there is growing interest in
exploring the concepts, methodologies, and tools available for exploring host-
associated microbiomes and diverse environments in an integrative way, as
illustrated in Table 1.

Table 1. Shows the tools available for investigating different microbiomes in an integrated way.

Tools Description

Identify factors that are formed by co-varying characteristics of various
omics data modalities in an unsupervised way, and reveal the factors that
explain the greatest alteration in datasets.

Multi-omics factor analysis
(MOFA)

a collection of supervised and unsupervised multivariate analysis
mix-Omics approaches, which are used for the integration, exploration, and
visualization of multi-omics datasets.

Integrated meta-omics pipeline a workflow related to microbiome analysis that enables the integrated
(IMP) analysis of metagenomics and metatranscriptomics data.

a bioinformatics workflow particularly designed for processing and
gNOMO analysis of metatranscriptomics, metagenomics, and metaproteomics data
in an integrative format.

Microbe—metabolite vectors | a machine learning neural network to predict the conditional probabilities
(mmvec) of metabolites upon the presence of a specific microorganism.

integrates latent variable modelling and log-ratio link functions into
mean-variance modelling to produce a new model for the integration of
multi-omics datasets.

Compositional omics model-
based integration (COMBI)

Pipeline for the analysis of uses continuous curve alignment to perform temporal normalization and
longitudinal multi-omics data Dynamic Bayesian Networks (DBNs) for reconstructing an integrated
(PALM) model.
Multiple co-inertia analysis An unsupervised analytical technique used to identify the relationships
(mCIA) between multiple omics datasets.

provides both a web-based and command-line tool for the simultaneous

MiBiOmi . .
1BiOmics analysis of up to three omics datasets.

A major challenge in microbiome research is the limited sample sizes, which
often result in unpredictable findings across diverse studies. To overcome this,
international collaborations are crucial, as they would enable us to strengthen the
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contiguity and accuracy when reconstructing genomes from complex microbial
communities.

N" Software/Tool URL Description Literature Citation
LongQC: A Quality Control Tool for Third Generation Sequencing Long
Provides an intuitive interface and delivers in-depth analysis using various Read Data,
1 LongQC hitps://github.com/yfukasawa/LongQC S H-Cepth analysis using ¥ Yoshinori Fukasawa, Luca Ermini, Hai Wang, Karen Carty, Ming-Sin
modules and algorithms. Cheang
G3: Genes, Genomes, Genetics, 10(4): 1193-1196, 2020

R NanoPack ttps:aithub.comwdecoster/nanopack Offers a collection of sub-tools, including NanoQC, NanoPlot, and Cramio, for | De Coster W, R. NanoPack2: p le cvaluation of

= © ps:/igithul P: quality assessment and data analysis. Jong-read sequencing data. Bioinformatics. 2023 May 1:39(5):btad311.
5 NanoPack ttos:/feithub com/swdecoster/nanopack Enhancements include optimized code improved plot generation, | De Coster W, R. NanoPack2: p scale evaluation of

o ps:gitub.com/ st P: and support for dynamic HTML visualizations in NanoPlot and NanoComp. long-read sequencing data. Bioinformatics. 2023 May 1:39(5):btad311.

, e ] ] A thorough filiering process based on read quality score, sequence length, | De Coster W, R. NanoPack2: py ale evaluation of
4| Chopper ool hitps:/github.com/wdecoster/chopper contamination levels, and additional relevant factors. long-read sequencing data. Bioinformatics. 2023 M;\y 1 39(5) btad311
5 Cn ttps:/ithub com/swdecoster/era A tool designed to assess the quality of BAM/CRAM files, specifically tailored | De Coster W, R. NanoPack2: popul le evaluation of
i ramine Hpsigithub.comwcecosterieramine for long-read sequencing data. long-read sequencing data. Bioinformatics. 2023 May 1;39(5):btad311.

Chen X, Harting J, Farrow E, ct al. Comprehensive SMN1 and SMN2
6 | pacios swrr | Hps/www.pach.com/products-and-services/ | A web-based tool compatible with all Sequel and Revio systems, specifically | profiling for spinal muscular atrophy analysis using long-read PacBio
analytical-software/smrt-analysis/ designed for processing PacBio data, making it an ideal choice for this data type. | HiFi sequencing. The American Journal of Human Genetics. 2023:0(0),
doi:10.1016/j.jhg.2023.01.001
Conducts quality control, fiteing, and read subsampling, while gencrating key | 4M38¢h D-E- Hufford, M.B.,and Sectharam, A.S. Sequel Tools:  suite
T ; T : . of tools for working with PacBio Sequel raw sequence data. BMC
7| SequelTools hitps://github.com/ISUgenomics/Sequel Tools metrics such as NS0, read length distribution, read count statistics, PSR ‘ ¢
. Bioinformatics 21, 429 (2020). https://doi.org/10.1186/s12859-02-
(polymerase-to-subread ratio), and ZOR (ZMW occupancy ratio). sras
. - I . Schubert, M., Lindgreen, ., and Orlando, L. AdapterRemoval v2: rapid
8 al A fast adapter trimming “""i“‘f::g"f’gc‘::““"“““““"“ and merging o { . ter trimming, identification, and read merging. BMC Res Notes 9, 88
seat e B (2016). https://doi.org/10.1186/313104-016-1900-2
) A fust and lightweight tool for adapter removal and quality trimming in next- | KOng Y Birin: a fast, lightweight adapter and quality trimming program
9 Birim hitp://graphics.med.yale.cdwtrimy for next-generation sequencing technologies. Genomics. 2011 Aug
‘generation sequencing data. 3
1:98(2):152-3
Shifu Chen, Tanxiao Huang, Yanging Zhou, Yue Han, Mingyan Xu, and
Automated filtering, trimming, error correction, and quality control of FASTQ | Jia Gu. AfterQC: automatic filtering, trimming, error removal, and quality
e g y
10 AfterQC htps://github.com/OpenGene/AfterQC jata control for fastq data. BMC Bioinformatics 2017 18(Suppl
3):80 htps://doi.org/10.1186/512859-017-1469-3
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A tool designed for processing short-read sequences, optimized to efficiently review of computational tools for generating metagenome-assembled
1 Omega hitp://omega.omicsbio.org e e e genomes from metagenomic sequencing data. Comput Struct Biotechnol
y > uniies- 1.2021 23 November; 19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A de novo assembly tool tailored for datasets that review of tools for generating metagenome-assembled
12| MetaVelvet dna bio keio.acjp genomes from short-read sequencing, especially effective in samples with highly | genomes from metagenomic sequencing data. Comput Struct Biotechnol
diverse microbial populations. 1.2021 23 November; 19:6301-6314. doi: 10.1016/j.¢sbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A de novo assembler optimized for short!read metagenomic sequencing, capable | - review of computational tools for generating metagenome-assembled
13 IDBA-UD http://www.cs.hku.hk/~alse/idba_ud of reconstructing genomes from complex and highly diverse microbial genomes from metagenomic sequencing data. Comput Struct Biotechnol
communities 12021 23 November; 19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
X " : review of ional tools for generating metagenome-assembled
14| MEGAHIT hitps://github.com/vouten/megahit ’:e‘:i“::”“ ast, oo eﬂi‘j": de novo “”‘l"::bi"" i“’; ’ll‘e"x“ oy | cnomes from metagenomic scquencing data. Comput Struct Biotechnol
v udies 10 8¢, comp! S5 1 71,2021 23 November;19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
MetaSPAdes is a metagenomic extension of the SPAdes assembler, specifically | review of computational tools for generating metagenome-assembled
15| metaSPAdes hitps://github.com/ablab/spades designed for short _read datasets and optimized to deliver high-quality de novo | genomes from metagenomic sequencing data. Comput Struct Biotechnol
assemblies from complex microbial communities. 1.2021 23 November;19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A metagenomic assembler engineered to generate accurate, high-quality de novo | 1SViSW of computational tools for generating metagenome-ascmbled
16 Ray Meta http://denovoassembler.sf.net 8 el fom mgm o and ﬁ“ e e (fdmjm Y genomes from metagenomic sequencing data. Comput Struct Biotechnol
P quencing - 12021 23 November; 19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A metagenome assembler built for linked read sequencing data, enhancing review of computational tools for generating metagenome-assembled
17 h | meta assembly contiguity and resolution by leveraging long-range barcode genomes from data. Comput Struct Biotechnol
to reconstruct genomes from complex microbial communities. 1.2021 23 November; 19:6301-6314. doi: 10.1016/j.¢sbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A metagenomic assembler designed to work with Single Molecule Long Reads | review of computational tools for generating metagenome-assembled
18| Nanoscope hitps:/github.com/kuleshov/nanoscope (SLR) such as those produced by Oxford Nanopore sequencing—offering | genomes from metagenomic sequencing data. Comput Struct Biotechnol
improved genome contiguity and strain resolution for complex microbial samples. | ~J. 2021 23 November; 19:6301-6314. doi: 10.1016/j.¢sbj.2021.11.028
PMID: 34900140; PMCID: PMC8640167.
A metagenomic assembler optimized for long! read sequencing data from | Y218 C: Chowdhury D, Zhang Z. Cheung WK, Lu A, Bian Z, Zhang L. A
" o fro review of computational tools for generating metagenome-assembled
y e y next!generation platforms—especially third " gencration technologics like " : y < ;
19 NECAT https://github.com/xiaochuanle/NECAT PacBio HiFi Oxford Na e that delivers enhanced contiguity, accuracy. genomes from metagenomic sequencing data. Comput Struct Biotechnol
O strain resclution i complex microbial communties ¥ | *1.2021 23 November;19:6301-6314. doi: 10.1016/j.c5b.2021.11.028.
* piex s PMID: 34900140; PMCID: PMC8640167.
A metagenomic assembler optimized for long-read sequencing platforms—such | ¥21¢ & Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
Pacbio ik or Oxford Nanopers..that significantly impraves assombly review of computational tools for generating metagenome-assembled
20 metaFlye https:/github.com/fenderglass/Flye * genomes from metagenomic sequencing data. Comput Struct Biotechnol

J.2021 23 November;19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.



https://github.com/yfukasawa/LongQC
https://github.com/wdecoster/nanopack
https://github.com/wdecoster/nanopack
https://github.com/wdecoster/chopper
https://github.com/wdecoster/cramino
https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
https://www.pacb.com/products-and-services/analytical-software/smrt-analysis/
http://192.168.222.55/10.1016/j.ajhg.2023.01.001
https://github.com/ISUgenomics/SequelTools
https://doi.org/10.1186/s12859-020-03751-8
https://doi.org/10.1186/s12859-020-03751-8
https://github.com/MikkelSchubert/adapterremoval
https://doi.org/10.1186/s13104-016-1900-2
http://graphics.med.yale.edu/trim/
https://github.com/OpenGene/AfterQC
https://doi.org/10.1186/s12859-017-1469-3
http://omega.omicsbio.org
http://metavelvet.dna.bio.keio.ac.jp
http://www.cs.hku.hk/~alse/idba_ud
https://github.com/voutcn/megahit
https://github.com/ablab/spades
http://denovoassembler.sf.net.
https://github.com/abishara/athena_meta
https://github.com/kuleshov/nanoscope
https://github.com/xiaochuanle/NECAT
https://github.com/fenderglass/Flye

Appendix A

Integrative Metagenomics: Techniques, Analysis, and Applications 171

1\?; Software/Tool URL Deseription Literature Citation
A hybrid metagenome assembler that integrates short | and long/ read Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
sequencing data to leverage their complementary strengths—delivering enhanced | 1S¥ieW of computational tools for generating metagenome-assembled
21| OPERA-MS hitps://github.com/CSBS/OPERA-MS e T o neren s et | genomes from metagenomic sequencing data. Comput Struet Biotechnol
P < e {"li;;‘;inlyc'm“m“nmc‘ u compl 1.2021 23 November; 19:6301-6314. doi: 10.1016/j.csbj.2021.11.028.
o PMID: 34900140; PMCID: PMC8640167.
Yang C, Chowdhury D, Zhang Z, Cheung WK, Lu A, Bian Z, Zhang L. A
A hybrid assembler that combines short | and long ! read sequencing to generate | review of computational tools for generating metagenome-assembled
2 Unicyeler hitps://github.com/mwick/Unicycler high-quality assemblies—particularly cffective for bacterial genomes and | genomes from metagenomic sequencing data. Comput Struct Biotechnol
metagenomic datasets by leveraging their complementary strengths. 1.2021 23 November; 19:6301-6314. doi: 10.1016/j.¢sbj.2021.11.028.
PMID: 34900140; PMCID: PMC8640167.
David Yuan, Alisha Ahamed, Josephine Burgin, Carla Cummins,
Rajkumar Devraj, Khadim Gueye, Dipayan Gupta, Vikas Gupta,
Muhammad Haseeb, Maira Thsan, Eugene Ivanov, Suran Jayathilaka,
Vishnukumar Balavenkataraman Kadhirvelu, Manish Kumar, Ankur
‘The European Nucleotide Archive (ENA) is a freely accessible and actively Latt, Rasko Leinonen, Jasmine McKinnon, Lili Meszaros, Colman
N N M O’Cathail, Dennis Ouma, Joana Paupério, Stephane Pesant, Nadim
23 ENA hitps://www.ebi.ac.uk/ena/browser/home supported platform designed for the management, sharing, integration, storage, ; ) ; !
. lor the Rahman, Gabricle Rinck, Sandecp Selvakumar, Swati Suman, Yanisa
and distribution of sequence data.
. Marianna Ventour: Vijayaraja, Zahra
Waheed, Peter Woollard, Ahmad Zyoud, Tony Burdett, Guy Cochrane,
The European Nucleotide Archive in 2023, Nucleic Acids Research,
Volume 52, Tssue D1, 5 January 2024, Pages
D92-D97, hitps://doi.org/10.1093/nar/gkad 1067
Galaxy is an open-source, web-based platform designed for data-intensive | S. D. Hiltemann, S. A. Boers, P. J. Van Der Spek, R. Jansen, J. P. Hays,
. biomedical rescarch. If you're new to Galaxy, you can get started here or explore | and A. P. Stubbs, “Galaxy mothur Toolset (GmT): a user-friendly
24 Galaxy hitps://usegalaxy.org/ : ! ’ ; 8
our help resources. To set up your own Galaxy instance, follow the installation | application for 163 rRNA gene sequencing analysis using mothur,
tutorial and access thousands of tools available in the Tool Shed. GigaScience, vol. 8, no. 2, Feb. 2018.
ASaiM (Galaxy for Microbiome) is a web-based platform for processing, The Galaxy Community, The Galaxy platform for accessible,
25 Galaxy [ analyzing, and visualizing microbiome data. Built on the Galaxy framework, it | reproducible, and collaborative data analyses: 2024 update, Nucleic Acids
Metagenomics P offers friendly access, easy and advanced analysis without Research, Volume 52, Issue W1, 5 July 2024, Pages
requiring command-ine skills. W83-WO4, hitps://doi.org/10.1093/nar/gkac410
The Galaxy Community, The Galaxy platform for accessible,
26| Galaxy Europe https:/uscaalaxy eu/ Galaxy Europe is a web-based platform that provides accessible, ible, and ive data analyses: 2024 update, Nucleic Acids
alaxy Burop psi/iusegaiaxy- and scalable bioinformatics tools for data analysis through the Galaxy framework. Research, Volume 52, Issue W1, 5 July 2024, Pages
W83-WO4, hitps://doi.org/10.1093/nar/gkac410
The ToolShed is an integral part of the Galaxy ecosystem, serving as a repository The Galaxy Community, The Galaxy platform for accessible,
27 ToolShed hitps://toolshed.g2 bx.psu.edu/ for reusable, community-contributed tools that are essential for metagenomic | "oProducible, and collaborative data analyses: 2024 update, Nucleic Acids
g el Research, Volume 52, Tssue W1, 5 July 2024, Pages
yses. W83-WO4, hitps://doi.org/10.1093/nar/gkac410
https://toolshed.g2.bx psu.edu FastQC is  tool for performing quality control checks on raw sequence data from | A4€S: S (d.). FastQC: A Quality Control tool for High Throughput
28 FastQC | ° Sequence Data.
repository?repository_id=ca249a25748b71a3 high-throughput sequencing pipelines. S babraham.a
Ewels, P., Magnusson, M., Lundin, S., and KAGller, M. (2016). MultiQC:
2 MultioC hitps://toolshed.g2.bx.psu.edu/ MultiQC aggregates output summaries and logs from various bioinformatics tools | summarize analysis results for multiple tools and samples in a single
* repository?repository_id=04b9fce28a342467 into a single report. report. Bioinformatics, 32(19), 3047-304.
it 1 354
30| Trim Galore! https://toolshed.g2.bx.psu.cdu Trim Galore! is a tool used to remove low-quality base (nucleotide) sequences |  Krueger, F. (2021). Trim Galore. In the GitHub repository. GitHub.
saore: repository ?repository_id=5399¢3¢263b33bd5 and perform adapter trimming https://https://github.com/FelixKrueger/TrimGalore.com/fenderglass/Flye
Blankenberg, D., Gordon, A., Kuster, G. ., Coraor, N., Taylor, J., and A.
hitps://toolshed.g2.bx. psu.cdu/ , . . N. (2010). Manipulation of FASTQ data with
31 FASTQUOFASTA | repository. id-0fic164de3Tc217d This tool converts data from Solexa format to FASTA format. Galay. Bioinformatics, 26(14), 17831755
http doi.
VSearch hitps://toolshed.g2.bx.psu.edu/ N ] Rognes, T., Mahé, F., and Xflouris. (2015). Vsearch: Vsearch Version
321 Gereplication repository?repository_id=8812a0146423¢217 VSearch dereplication is used to identify and remove duplicate sequences. 1.0.16. Zenodo. https://doi.org/10.5281/ZENODO. 15524
- .| Truong, D. T, Franzosa, E. A., Tickle, T. L., Scholz, M., Weingart, G.,
https://toolshed.g2.bx. psu.edu/ MetaPhlAn2 is a computational tool that profiles the structure and composition of | 1% "oy 4. Hutienhower, C., and Segata, N. (2015). MetaPhiAn2
33| MetPhlAn2 I microbial from shotgun data, producing a -
repositoryrepository_id=33¢14d7¢88421861 Ebsenaratod outt e oot oot i abomtncen o | for enhanced metagenomic taxonomic profiling, Nature Methods, 12(10),
P P 2P g 902-903. htps://doi.org/10.1038/nmeth.3589
Asnicar, F., Weingart, G., Tickle, T. L., Huttenhower, C., and Segata, N.
34 | Export 0 Graphian hitps://toolshed.g2.bx.psu.cdu/ Export to GraPhlAn is a conversion software tool that generates both annotation | (2015). Compact graphical representation of phylogenetic data and
il g repositoryrepository_id=fa645d9043710c9b and tree files for GraPhlAn. ‘metadata with GraPhlAn. PeerJ, 3, e1029.
https://doi.org/10.771 7 peerj.1029
Generat ‘The graphlan_annotate function enhances any input tree by adding structural or | Asnicar, ., Weingart, G., Tickle, T. L., Huttenhower, C., and Segata, N.
3 cm:;f;;:g:’ nd hitps://toolshed.g2 bx.psu.cdu/ graphical details. The annotation file, which is tab-delimited, lists graphical (2015). Compact graphical representation of phylogenetic data and
B etion o wee | Tepository?repository._id=Tefaca2574268fcc | options for clades, typically with three fields: the clade name, the option name, ‘metadata with GraPhlAn. Peer, 3, e1029.
and the option value. htips://doi.org/10.771 7 peerj.1029
Asnicar, F., Weingart, G., Tickle, T. L., Huttenhower, C., and Segata, N.
36 GraPhlAn hitps://toolshed.g2.bx.psu.cdu/ GraPhlAn is a software tool that creates high-quality circular representations of | (2015). Compact graphical representation of phylogenetic data and
? ; repository?repository_id=4f4fc8194¢24182¢ taxonomic and phylogenetic trees. ‘metadata with GraPhlAn. Peer, 3, e1029.
https://doi.org/10.7717 peerj. 1029
' : . - o . N Truong, D. T., Franzosa, E. A., Tickle, T. L., Scholz, M., Weingart, G.,
. Format hitps://toolshed.g2.bx.psu.edu/ Mf:‘r:i‘rﬁ:‘“‘i’e N :‘;‘;{:j‘eﬂd ‘;f:;’r“': ‘L‘f:h‘::"‘gil:‘:r" ;’e‘:“’::é“cg‘n“’s'e‘:‘;‘::“‘l Pasolli, E., Tett, A., Huttenhower, C., and Segata, N. (2015). MetaPhlAn2
? MetaPhlAn2 repositoryrepository_id=882894075126547F ¢ ot et with crocion Lovel roralution for enhanced metagenomic taxonomic profiling. Nature Methods, 12(10).,
e o B 902-903. https://doi.org/10.1038/nmeth.3589
Cuccuru, G., Orsini, M., Pinna, A., Shardellati, A., Soranzo, N.,
hitps://toolshed g2 bx psu.edu/ This tool visualizes metagenomic profiling results as an interactive, zoomable pie |  T2"28%one. .. Uva, P., Zanett, G., and Fotia, G. (2014). Orione, a
38| Krona pie chart reposionmposton 0303l o3ed38TE e web-based framework for NGS analysis in
positoryrepository ! 2 - microbiology. Bioinformatics, 30(13), 1928-1929.
ntips://doi.org/10.1093/bioinformatics/biul 35
Kopylova, E., Noé, L., and Touzet, H. (2012). SortMeRNA: fast and
30| SortMeRNA https://toolshed.g2.bx.psu.cdu SortMeRNA is a tool developed to quickly filter ribosomal RNA fragments from accurate filtering of ribosomal RNAs in metatranscriptomic
repository?repository_id=4aa0c1a7f6eSbefo ‘metatranscriptomic data generated by next-generation sequencers, data. Bioinformatics, 28(24), 3211-3217.
ntips://doi.org/10.1093/bioinformatics/bis611
Abubucker, S., Segata, N., Goll, J., Schubert, A. M. Izard, J., Cantarel, B.
R Mueller, B., Zucker, J., Th Henrissat, B.,
HUMARN2 is a pipeline designed to efficiently and accurately profile the White, O., Kelley, S. T., Methé, B., Schloss, , Gevers, D., Mitreva,
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