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Abstract

Metagenomic approaches have revolutionized our understanding of microbial communities in
various ecosystems. These techniques involve the sequencing and analysis of DNA directly
extracted from environmental samples, allowing for the study of microbial diversity and function
without the need for cultivation. Systems microbiology is an interdisciplinary field that aims to
understand the behavior and interactions of microorganisms at the systems level. Metagenomic
approaches have been used to explore the interactions and dynamics of microbial communities in
complex environments to identify key players and metabolic pathways involved in ecosystem
processes. Metagenomics has also been used to study microbial adaptation to environmental
stresses and to investigate the functional potential of unculturable microorganisms. This book
chapter highlights recent advances in metagenomic approaches in systems microbiology and their
applications in understanding the ecology and function of microbial communities.
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1. Introduction
Systems microbiology is an interdisciplinary field that aims to understand the behavior and
interactions of microorganisms at the systems level (Kitano et al., 2002). Leroy Hood’s definition
of systems biology as “the science of discovering, modeling, understanding and ultimately
managing at the molecular level the dynamic relationships between the molecules that define living
organisms” (Hood 2004). Metagenomics offers to expand the definition by extending it to
communities within ecosystems (Alivasatos et al., 2015).
It is a relatively new field that has emerged from the need to understand the complex interactions
that occur between microorganisms and their environment, as well as the role that these
interactions play in shaping the function and stability of microbial communities. Systems
microbiology combines the principles and techniques of microbiology, genetics, biochemistry,
physics, and engineering to study microbial communities in their natural environments (Collins
and Greenberg, 2016).
The field of systems microbiology has grown rapidly in recent years due to advances in high-
throughput sequencing and computational techniques, which have made it possible to study
microbial communities at a systems level. Prior to the development of these techniques,
microbiologists had to rely on culture-based methods to study microorganisms, which were limited
by the fact that only a small fraction of microorganisms can be cultured in the laboratory Alivasatos
et al., 2015)(. This approach therefore only provided a partial view of the microbial communities
in natural environments. To study microbial communities at a systems level, systems
microbiologists use a range of experimental and computational tools (Collins and Greenberg,
2016). These include metagenomics, transcriptomics, proteomics, metabolomics, and
mathematical modeling. By combining data from these different approaches, systems
microbiologists can gain insights into the structure and function of microbial communities, as well
as the underlying mechanisms that govern their behavior.
2. Metagenomic Approaches
Metagenomics is a rapidly evolving field that allows researchers to study the genetic material of
entire microbial communities without the need for culturing individual organisms (Handelsman,
2004; Risenfield et al., 2004). Metagenomics has been applied to a wide range of environments,
including soil, water, and the human gut, and has provided insights into the structure, function,
and diversity of microbial communities (Tringe et al., 2005).
Commonly used techniques in metagenomics are briefly reviewed below:
DNA extraction: The first step in metagenomics is to extract DNA from the environmental sample
(Zhou et al., 2018). This can be challenging since the DNA from the target organisms may be
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mixed with DNA from other organisms or from the environment itself. Different extraction
methods can be used depending on the type of sample and the desired downstream applications.
Shotgun sequencing: Shotgun sequencing is a high-throughput sequencing method that involves
randomly fragmenting the extracted DNA and sequencing the resulting fragments (Kultima et al.,
2019; Sharon et al., 2011). This approach generates a large number of short reads that can be
assembled to reconstruct the genomes of individual organisms present in the sample. This
technique is particularly useful for studying complex microbial communities, where individual
organisms cannot be cultured and identified by traditional methods.
16S, 18S rRNA and ITS sequencing: The 16S ribosomal RNA (rRNA) gene is a conserved gene
that is present in all bacteria and archaea (Edwards et al., 1989). 18S rDNA and ITS (Internal
Transcribed Spacer) sequencing are two commonly used approaches in molecular biology to study
the diversity of eukaryotic microorganisms (Schoch et al., 2012). The rDNA sequences are
analyzed using bioinformatics tools to identify the different microbial taxa present in the sample.
This can involve comparing the sequences to reference databases, such as GenBank or SILVA, or
using software packages, such as QIIME or mothur (Caporaso et al., 2010; Klappenbach et al.,
2001)
Metatranscriptomics: Metatranscriptomics involves sequencing and analyzing the RNA
transcripts in a microbial community (Urich et al., 2008; Shakya et al., 2019). This technique can
provide insights into the metabolic activities, gene expression patterns and functional role of
individual organisms within the community in specific environments (Poretsky et al., 2009).
Metaproteomics: Metaproteomics involves identifying and quantifying the proteins expressed by
the microbial community. This technique can provide information about the functional activities
and metabolic pathways of individual microorganism as well as identify the functional roles of
microorganisms in specific environments (Wilmes and Bond, 2004).
3. Applications of metagenomic approaches to systems microbiology
Metagenomic approaches have revolutionized the field of systems microbiology, allowing
researchers to study the structure, function, and interactions of microbial communities in different
environments (Kitano, 2002). Systems microbiology has applications in a wide range of fields,
including biotechnology, environmental science, and human health, some of which are discussed
below:-
Microbial community profiling: Metagenomic sequencing can provide a comprehensive profile
of microbial communities in different environments, including soil, water, and human gut (Collins
and Greenberg, 2016). This information can be used to understand the diversity and abundance of
microbial species, as well as their potential roles in biogeochemical cycles and other ecosystem
processes (Gilbert et al., 2010; Riesenfeld et al., 2004)
Functional annotation and pathway analysis: Metagenomic sequencing data can be used to
identify genes and functional pathways in microbial communities, providing insights into their
metabolic potential and ecological roles (Edwards et al., 2008). This information can be used to
predict the functional capabilities of microbial communities and to understand how they respond
to environmental changes (Tyson et al., 2004).
Comparative analysis of microbial communities: Metagenomic sequencing data can be used to
compare microbial communities in different environments, or to track changes in microbial
community structure and function over time (Edwards et al., 2008; Fierer et al., 2012). This
approach can provide insights into the factors that drive microbial community dynamics and
ecosystem functioning under different stressors (Dinsdale et al., 2008).
Microbial interactions: Metagenomic approaches can be used to identify and characterize
interactions between microbial species in different environments, such as mutualistic or
competitive relationships. This information can be used to understand how microbial communities
are structured and to predict how they might respond to environmental changes (Tringe et al.,
2005). A metagenomic analysis of microbial communities in the ocean identified novel microbial
taxa and genes involved in key biogeochemical processes, such as nitrogen and carbon cycling.
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This study also revealed the presence of functional redundancy within microbial communities,
indicating that multiple microbial taxa can perform similar functions in the ocean ecosystem
(DeLong et al., 2006). A metagenomic analysis of soil microbial communities identified genes and
metabolic pathways involved in carbon and nitrogen cycling, as well as the presence of antibiotic
resistance genes and mobile genetic elements, highlighting sustainable land use practices (Fierer
et al.2012).
Human Microbiome: Another application of systems microbiology is in the study of the human
microbiome, which is the collection of microorganisms that inhabit the human body (Human
Microbiome Project Consortium, 2012; Qin et al., 2010). The human microbiome has been
implicated in a wide range of diseases, including obesity, diabetes, and inflammatory bowel
disease (Sharon et al., 2013). By studying the interactions between the human microbiome and the
host, systems microbiologists can gain insights into the underlying mechanisms of these diseases
and develop new therapies to treat them (Verberknoes et al., 2009).
Human gut microbiome using metagenomic approaches identified a core set of microbial genes
and pathways that are conserved across individuals, as well as inter-individual variability in the
abundance of specific microbial taxa and functions. This study also revealed associations between
microbial functions and host health, such as the enrichment of certain microbial pathways in
individuals with a high body mass index (Qin et al., 2010).
Drug Discovery: In drug discovery, systems biology can be used to identify new drug targets,
understand the mechanisms of drug action, and predict drug toxicity (Hood et al., 2004). Systems
biology can be used to identify new drug targets by analyzing the interactions between genes,
proteins, and metabolites in biological systems. For example, network analysis can be used to
identify key nodes or hubs in biological networks that are essential for cell function and survival.
These hubs can be potential drug targets for the development of new therapies (Liu et al., 2015).
Gene expression profiling can be used to identify the pathways and processes that are affected by
a drug. This information can be used to optimize drug efficacy and minimize side effects.
Computational models can be used to simulate the effects of drugs on cellular metabolism and
predict their impact on cell viability (Ramanathan et al., 2009). This information can be used to
identify drugs that are less likely to cause adverse effects. Systems biology can be used to develop
personalized medicine approaches by analyzing individual patient data and identifying drug targets
and therapies that are specific to their disease or genetic profile (Oprea and Tropsha, 2011).
Bioremediation and industrial applications: Metagenomic approaches can be used to identify
microbial genes and pathways involved in bioremediation or industrial processes, such as the
degradation of pollutants or the production of biofuels. This information can be used to optimize
bioremediation or industrial processes and to develop new technologies for sustainable resource
use (Handelsman, 2004).
Sustainable Bioprocess development: One application of systems microbiology is in the
development of bioreactors, which are used for the large-scale production of useful compounds
such as biofuels and pharmaceuticals. By engineering microbial communities to optimize the
production of these compounds, systems microbiologists can create more efficient and sustainable
bioprocesses. A metagenomic analysis of microbial communities in a bioreactor used for the
production of biofuels identified novel microbial taxa and metabolic pathways involved in biofuel
production, as well as the presence of genes involved in stress response and cell-to-cell signaling.
4. Conclusion:
Systems microbiology offers a powerful approach for studying microbial communities and
understanding their role in shaping the world around us. By combining the principles and
techniques of metagenomics, microbiology, genetics, biochemistry, physics, and engineering,
systems microbiologists can gain a more complete understanding of microbial communities and
their interactions with their environment. This knowledge can be used to develop new
biotechnologies, understand the impact of microorganisms on the environment, and develop new
treatments for human diseases.
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