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Preface
The advances in molecular biology, sequencing techniques, and data analysis tools
in the past two decades have resulted in the evolution of metagenomics and enabled
the study of uncultured organisms from different environments. Metagenomic
analysis of the high-throughput sequences of a community sample has extended our
understanding of the diversity, evolution, and functions of different organisms. This
newly emerging science, which is one of the fastest developing fields in biology, is
making important contributions to the fields of microbial ecology, bioremediation,
discovery of industrial bioproducts, health, and many other areas.
This book is for the students starting their research projects in the field of
metagenomics, for researchers interested in the new developments and applications
in this field; and for teachers involved in teaching this subject. The book is divided
into three sections as indicated from its title, namely; the basics of metagenomics,
metagenomic analysis, and applications of metagenomics. It covers the basics of
metagenomics from its history and background, to the analysis of metagenomic
data as well as its recent applications in different fields. The book contains
excellent texts at both the introductory and advanced levels, that describe the latest
metagenomic approaches and applications, from sampling to data analysis for
taxonomic, environmental, and medical studies.
The first chapter in this book, the introductory chapter, is a brief introduction on
the basics of metagenomics, its background, and the metagenomic approaches.
In the second chapter, the background on the application of different cultureindependent techniques and metagenomics to study the microflora of the changing
environment of soil is introduced.
It is very important for students and researchers to understand the methods
they are going to use in their research. With that in mind, the next section is
on methodologies and data analysis. In Chapter 3, an overview of the different
sequencing techniques is presented in terms of principles, advantages, and
limitations. In addition, third-generation sequencing technologies are also
addressed. Chapter 4 focuses on different available bioinformatic tools that are
suitable for studying symbiosis and coevolution processes in any given sample.
Chapter 5 addresses the current methodologies to carry out community structure
profiling, using single-copy markers and the small subunit of the rRNA gene to
measure phylogenetic diversity from next-generation sequencing data. Interestingly,
this chapter also presents a compendium of open source tools, easy to use by
biologists and non-specialists to study microbial diversity in a phylogenetic context.
The last section of the book highlights the applications of metagenomics in
different areas. Chapter 6 presents a complete analysis of the microbial diversity
in the polar glacier habitats and an overview of the metabolic potentials and
biogeochemical cycles in these interesting and less-studied ecosystems. In Chapter
7 the current state and the future implications of studying intestinal microbiota
associated with migratory birds are described. The authors of this chapter discussed
the use of next-generation sequencing to comprehensively analyze the intestinal

microbiota of migratory birds, research on microbial communities traveling over
long distances, that provides valuable information for the medical care, livestock
industry, agriculture, and human health risks. Finally, in Chapter 8, the application
of metagenomics as an emerging tool in aquaculture is discussed. This actual and
potential application of metagenomics in aquaculture helps to understand the
hosts-microbiota-pathogen-environment relationship underlying disease outbreaks
and could be a key to develop strategies to improve productivity by increasing
resistance to diseases and reducing the use of antibiotics with their negative
environmental impact.
At the end, I would like to thank all the contributors for sharing their expertise in
the field of metagenomics and for the appreciated academic integrity. I would like
also to thank the reviewers for their precious time.
On behalf of all authors, I would like to warmly thank Ms. Sara Debeuc, the author
service manager of this book, for her commitment, patience, and keen assistance
which made this book possible. Our thanks are also extended to other staff of
IntechOpen for their support.
Finally, the publication of this book was an interesting journey for me and I hope
that the readers will enjoy reading it. I also hope this book will achieve its goals by
contributing positively to the research community.

Wael N. Hozzein
Botany and Microbiology Department,
Faculty of Science,
Beni-Suef University,
Beni-Suef, Egypt
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Chapter 1

Introductory Chapter:
Metagenomics and Metagenomic
Approaches
Wael N. Hozzein

1. Introduction
Metagenomics can be defined as the techniques and procedures that are used for
the culture-independent analysis of the total genomic content of microorganisms
living in a certain environment [1]. It has many useful applications with very
promising potential in both medical and environmental microbiology. The most
common use of metagenomics in environmental microbiology is studying the
diversity of microbial communities in particular environments through the analysis
of rRNA genes and how these communities change in response to changes in
physical and chemical properties of these environments [2].
Metagenomics also provides an opportunity to obtain and identify novel
enzymes with industrial applications from extreme environments where
unculturable extremophiles live. In such circumstances, functional metagenomics
enables the isolation of genes coding for extremozymes, enzymes that are capable of
being catalytically active in extreme conditions, or genes that will allow for better
understanding of the mechanisms that make such organisms resistant to extreme
environmental conditions [3].
Metagenomics has special importance when it comes to studying soil microbiology. It is estimated that the number of distinct microorganisms in 1 gram of soil
exceeds the number of microbial species cultured so far [4]. Therefore,
metagenomics seems to be the ideal culture-independent technique for unraveling
the biodiversity of soil microorganisms and to study how this biodiversity is
affected with continuously changing conditions.

2. Sequencing technologies and metagenomics
Recently, taxonomic profiling, characterization, and analysis of microbial communities are being mostly performed using different next-generation sequencing
(NGS) platforms. Metagenomic samples are high-throughput, short-read
sequences, and the cost is relatively decreasing. In addition, these platforms are
advantageous, avoiding the need for cloning of DNA fragments [5].
Recent advances in NGS technologies were developed to suit various numbers of
applications, cost, and capabilities [6]. The most commonly used platforms are the
454 Life Sciences (Roche) and Illumina systems (Solexa) [7]. The 454 sequencing
technology, which was the first commercially available next-generation technology,
is based on the pyrosequencing technique. It provides high throughput and
relatively cheap analysis [8]. During the sequencing reaction in this technique,
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nucleotide incorporation into the growing chain is detected by the capture of the
released pyrophosphate, which is converted into a light through an enzymatic
reaction. Different nucleotides are sequentially added into each nucleotide incorporation event; therefore the light signal can be attributed to a specific nucleotide.
Finally, the light signals are converted into sequence information. In the 454
pyrosequencer, the DNA fragments are amplified after being fixed on beads in a
water-oil emulsion [9]. Pyrosequencing has been employed widely in the analysis of
microbial diversity in many environments including marine environments [10] and
different soil environments [11, 12].
Illumina sequencing technology relies on the use of fluorescently labeled reversible terminator nucleotides. Instead of being chemically modified to prevent further
DNA synthesis (dideoxynucleotides) which is the case with Sanger sequencing, the
terminator nucleotides are attached with blocking group that can be removed from
the nitrogen base in a single step. DNA synthesis takes place on a chip where
primers are attached. After each cycle, the dyes attached to each nucleotide are
excited by laser followed by scanning of the incorporated bases. In order for the
next synthesis cycle to proceed, the blocking group and the dye are first removed by
a chemical reaction. Illumina sequencing platform was successfully used to study
microbial diversity in many environments [13–15].
In addition to the abovementioned technologies, recently developed sequencing
technologies are available and being employed in metagenomic studies. These
include SOLiD 5500 W Series developed by Applied Biosystems, single-molecule
real-time (SMRT) DNA sequencing from Pacific Biosciences, and Ion Torrent
semiconductor sequencing [7]. More innovative technologies are being developed
that could be of great use for metagenomic studies in the near future. Strand
sequencing technologies, currently being developed by Oxford Nanopore technologies, enable the sequencing of intact DNA strand that passes through a protein
nanopore [16]. Irys Technology, developed by BioNano Genomics, represents one
of the very promising new technologies in genomics era [7].

3. The metagenomic approaches
Metagenomics research strategy starts with selecting a proper ecological or
biological environment of interest that hosts a wide variety of microbial communities which may have potential biotechnological applications. Environments that
attract metagenomic researchers are mainly those characterized with extreme
conditions or unique environmental conditions. These include environments with
highly acidic or alkaline pH; high metal concentrations, pressures, or radiation; and
high salinity or extreme temperatures [3].
Metagenomic analysis starts with isolating genomic DNA that represents the
whole community in the soil sample, constructing a DNA library from the isolated
DNA, and screening the available library for a target gene. It is important here to
select the DNA extraction method that will provide enough yield and DNA that
represents the diversity of the whole microbial community in the target environment. This is still one of the most challenging steps of metagenomic analysis. The
chemical and physical characteristics of soils are very wide and complex, depending
on the type of the soil examined, that will make it difficult to develop a reference
method for DNA extraction from soils. Besides, soils contain many substances that
are co-extracted with genomic DNA and harbor inhibitory effects on the downstream processing of the extracted DNA. Examples include humic and fulvic acids
[17]. Therefore, optimization and comparison between different extraction
methods are usually required for each type of soil [18–21].
4
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A DNA library is then constructed from the genomic DNA isolated from the
target environment. This is performed by fragmenting the isolated DNA into fragments with appropriate sizes that would allow for their cloning. This is performed
by either using restriction enzyme digestion or mechanical shearing. DNA fragments obtained from such processes are cloned into the proper cloning vector.
Plasmid vectors are used for small DNA fragments, and the libraries generated are
called small-insert genomic libraries. Large inserts are cloning into cosmid or fosmid
vectors which can hold inserts up to 40 kb in size or BAC vector which can carry
inserts with sizes that exceed 40 Kb [22].
DNA libraries are usually constructed in a microorganism that is well-studied
and is easy to manipulate inside the laboratory such as Escherichia coli. In case there
is a need for expressing the genes within the DNA inserts in other microorganisms,
shuttle vectors are used to transfer the libraries into a proper host [23].
Finally, a screening assay is applied to search for a gene of a particular function,
and the gene product is functionally analyzed. There are two different metagenomic
strategies that are commonly used in research. The first one is focused on the use of
marker genes such as the ribosomal genes 16S rRNA [24] and 18S rRNA [25] to
study the composition of the microbial community in a certain environment or
specific protein-coding gene with medical or industrial importance [26–28]. Such a
strategy is called targeted metagenomics. The second approach is the shotgun
metagenomics, in which a wide coverage of genomic DNA sequences is achieved
using high-throughput next-generation sequencing to assess the entire taxonomic
structure or functional potential of microbial communities [29].
The most challenging aspect of the screening process in metagenomics is the
analysis of a huge amount of sequence data that are generated from the constructed
library. A wide range of bioinformatic tools has been developed over the years to
help analyze the metagenomic data and compare it to available online databases.
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Chapter 2

Soil Metagenomics: Concepts and
Applications
Shrinivas N. Sabale, Padmaja P. Suryawanshi
and Krishnaraj P.U.

“We know more about the movement of celestial bodies than about the soil
underfoot.”
—Leonardo Da Vinci, circa 1500s.

Abstract
Soil is a living entity of the Earth, and considered as one of the main reservoir of
microbial diversity. Studying the soil microbial diversity is very much necessary, as
they play an important role in maintaining the health of soil by recycling the nutrients, creating soil structure and humus. However, the culture dependent approaches
fail to provide clear estimates of the diversity and untapped resources. Hence, study
of the microbial diversity using culture independent approaches become necessary.
The field of metagenomics helps in studying the genomes of the diverse soil organisms collectively in their natural habitat which holds the promising for accessing
novel genetic resources. Application of the metagenomics to the soil environment
is very challenging due to several difficulties; one of which is co-extraction of
humic acid with nucleic acids which hinder downstream high throughout processes.
However, applying sequencing methods to soil microbial communities will help in
uncovering the hidden resources like novel genes, biomolecules and other valuable
products which are yet to be discovered or still unknown. Different culture independent techniques and applications of the metagenomics to study the abundant
microflora of the complex and changing environment of soil discussed herein.
Keywords: soil microbiome, soil health, metagenomics, DGGE, 16S rDNA,
metagenome sequencing

1. Introduction
Life on earth is not only dependent on the celestial environment around the
earth but it is also completely influenced by the soil under our feet. Earth is a pool
of different complex ecosystems and the proper functioning of those ecosystems
are very much required for sustenance and evolution of the life. Soil is an important ecosystem of the earth and essential for life and one of the most valuable
resources available to us, which acts as a water filter, supports plant and animal
life, source of the minerals and medicines. Soil is a living entity and existence of
which is defined by the occurrence of the organisms in it. The formation of soil
is not only dependent on the physical or chemical activity on the rocks, but also
by the continuous activity of diverse microbial species which add or enhance the
9
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properties of soils in terms of formation of structure and function. Soil provides
shelter to various soil harboring insects, reptiles, animals and a huge volume of
microbes within the soil aggregates. It is the home for innumerable microbial
species largely unnoticed and busy in maintaining the ecological balance of the
earth. It is a complex and dynamic system, which directly or indirectly influences
the food chain, nutrient cycles, and ecological equilibrium. Understanding the
unexplored microbial world is high priority and is needed to come up with the
ways of coping up with various climatic changes and for the welfare of every
organism on the earth.

2. Soil health
Soil is an interconnected system with high levels of exchange of energy between
organisms and physico-chemical components, which allows it to be a self-organized
system. However, despite having the unique and incredible capacity to adapt to
environmental changes, microbes are sensitive to land management and climate
changes. Resistance is the capacity of the soil to maintain its health despite the magnitude of the change caused by any kind of perturbation. Resilience is the capacity
of the system to return to its original state after a disturbance, which is also known
as the self-healing capacity of the system (https://microbewiki.kenyon.edu/index.
php/Soil_Health).
Soil has been neglected because it is termed as dirt. But from this dirt our
ancestors learnt the skill of cultivation of crops and developed various cultural
practices for the production of food. And our staple food started coming from
the crops cultivated in the soil. Thus, agriculture—the science or art of farming, including cultivation of the soil for the growing of crops and the rearing of
animals to provide food, wool, and other products came into existence (https://
en.oxforddictionaries.com/definition/agriculture). Being a most diverse active
environment with huge number of known and unknown microbial species, soil
becomes a challenging ecological niche for study. The biochemistry of soil reflects
several unknown functions which are very much important for sustenance of life.
However, the recent technologies using heavy machinery and management practices intensified agriculture that resulted in extensive cultivation without enriching the soil. This overuse has initiated the deterioration of the cultivable farm
lands through loss of fertility, vigor, soil structure and capacity to sustain life. In
short, many cultivable areas have turned saline or uncultivable. Agricultural land
is simultaneously being lost to non-agricultural uses. In addition, the intensive use
of land in production through multiple cropping, reduced fallow periods, excessive
use of agrochemicals, spread of monocultures are components of management
is perceived as leading to land degradation and the undermining of its long-term
productive potential (www.fao.org).
The formation of 1 cm of topsoil in its natural course requires 300 years but
the resultant loss of soil due to erosion is high (Soil loss in India was 16.4 t/ha/year
as reported in State of Indian Agriculture Report, 2015–2016). The population
around the globe has been expanding rapidly and standing at around 7.3 billion
in 2016 and still counting. With the increase in the population number of challenges around global sustainability also increases, including the need for more
food and space. The demand and supply of food is the major concern for all the
countries and it can be noted that we are falling short of cultivable land due to
soil erosion, saline soils, excessive use of pesticides, herbicides, inorganic fertilizers and the shift of land use to housing sector. According to the soil scientist
Dr. Elaine Ingham, “If we lose both bacteria and fungi, then the soil degrades”.
10
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Overuse of chemical fertilizers and pesticides have effects on the soil organisms
that are similar to human overuse of antibiotics [1]. Therefore, sustaining and
improving the characteristics of soil will be an utmost priority for generations to
come and we have to focus on keeping our soils alive by maintaining the cultivable
land or rejuvenating the barren lands. Thus, soil health becomes one of the most
important factors in terms of agriculture and forest ecosystems and very much
necessary for survival of living beings.
2.1 Importance of soil microorganisms
Biological fertility of the soil comprises of the soil microbes which greatly
influence the structure and functioning of the soil ecosystem. The maintenance
of the physical fertility and chemical fertility is driven by the metabolic repertoire
of the soil microorganisms. Soil microbes are part of a very complex food web
that occurs in soil. Soil biota is indispensable for key soil function such as decomposition of soil organic matter, nutrient cycling and formation of soil aggregates
and billions of microbes reside in a single gram of soil [2]. The most numerous
microbes in soil are the bacteria, followed in decreasing numerical order the fungi,
soil algae and soil protozoa. The work that is turned out by bacteria does benefit
the plants and other living organisms. Plants are unable to absorb the nutrition
from the soil without microbes working in the soil. Although microbes tend
to receive more attention for the diseases they cause, they are likely to be more
significant for their role in maintaining the health of the plants by protecting them
from other microorganisms, providing vitamins, nutrients and influencing the
developmental processes [3]. The microbial activity in the rhizosphere is essential
for plant functioning as it assists the plant in nutrient uptake and offers protection against pathogen attack [4]. Rhizosphere, a region of soil which is influenced
by the plant roots, a microenvironment where a great microbial diversity thrives
in close association with plant roots where in various abiotic and biotic interactions take place. Abiotic factors influence the structure of microbial communities
which have evolved mechanisms to deal with occupation of the space that allows
them to obtain nutrients excreted by the plant roots. The organism diversity of the
bulk-soil or the rhizospheric soil of different plants has been extensively studied;
most studies have reported a wide range of organisms from those soil portions [5].
Surprisingly, a soil sample could contain up to 4 × 106 different taxa [6]. This suggests that soil is a large reservoir for the discovery of several compounds that may
have applications in agriculture, human health or industry. The relevant insights of
the studies related to soil are that each of them has shown different aspects to study
and analyze. In some cases, they have provided innovative views of the microbial
ecology on extreme environments for the development of life. At the same time,
others have found novel biocatalysts, new antibiotics, personalized medicine,
bioremediation and other potential applications in biotech industry [7].
Microbiological studies in the soil environment are hampered by the fact that the
largest proportion of soil bacteria as yet cannot be cultured [8], and the microbes
found using common culture methods are rarely abundant in any environmental
niche from which they were cultured. The microbes isolated from the soil mostly
belong to the four major phyla namely Proteobacteria, Actinobacteria, Firmicutes
and Bacteroidetes, as those minute organisms are easily cultivable under laboratory
conditions. Such information suggests that there is the need of molecular techniques which overcomes the need to isolate and study each organism for in depth
characterization. However with the development in metagenomics a more complete
picture of the rhizosphere microbiome can be unearthed [9] and many new microbial players in the rhizosphere are on their way to be discovered.
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3. Soil metagenomics: a concept
Even though soil microbes dominate the biosphere, most microbes in nature
have not been studied because the standard culturing techniques could help in the
study of those organisms which can be cultured on artificial media and rest of the
organisms are still unknown since lack of the universal artificial media and growth
conditions. Instead of cultivating different organisms in pure form and studying the
morphology and characteristics, metagenomics, studies all the organisms present in
the environmental sample at once by the combining traditional microbiology and
molecular biology. Microbial diversity is the major driving force of fundamental
metabolic processes in dynamic environment like soil and a number of microbial
species are associated with the plant rhizosphere. Therefore, a basic understanding of diversity of soil biota is required in order to preserve the integrity, function
and long term sustainability of natural and managed terrestrial ecosystems. The
opportunity that stands before microbiologists today is akin to a reinvention of the
microscope in the expanse of research questions it opens to investigation [10].
Metagenomics provides a new way of examining the microbial world that not
only will transform modern microbiology but has the potential to revolutionize
understanding of the entire living world and their functions in different ecosystem.
In metagenomics, the power of genomic analysis is applied to entire communities of
microbes, bypassing the need to isolate and culture individual bacterial community
members in order to identify the microbes in the community. The new approach
and its attendant technologies will bring to light the myriad capabilities of microbial communities that drive the planet’s energy and nutrient cycles, maintain the
health of its inhabitants, and shape the evolution of life. Metagenomics is expected
to generate knowledge of microbial interactions so that they can be harnessed to
improve human health, food security, and energy production.
Metagenomics combines the power of genomics, bioinformatics, and systems
biology. Operationally, it is novel in that it involves study of the genomes of many
organisms simultaneously. It provides new access to the microbial world. Although
community ecology is not new to microbiology, the power of genomics in the study
of communities brings in an unparalled opportunity.
Meta in the first sense means that this new science seeks to understand biology
at the aggregate level, transcending the individual organism to focus on the genes
in the community and how genes might influence each other’s activities in serving
collective functions. In the second sense, meta also recognizes the need to develop
computational methods that maximize understanding of the genetic composition
and activities of communities so complex that they can only be sampled, never
completely characterized.
Metagenomics, still a very new science, has already produced a wealth of knowledge about the uncultured microbial world because of its radically new ways of
understanding microbial world. All metagenomics studies take the same first step:
DNA is extracted directly from all the microbes living in a particular environment.
The mixed sample of DNA can then be analyzed directly, or cloned into a form
maintainable in laboratory bacteria, creating a library that contains the genomes of
all the microbes found in that environment.
Since the invention of the simple microscope by Anton Von Leeuwenhoek we are
able to identify and study only 1% of the total microbial diversity available on Earth.
The rest of the 99% of the microbes are not easily accessible to us as they are busy
with their life cycle and maintenance of the microbial balance of our planet. Our
current knowledge about the culturable microbial techniques is unable to achieve
the complete picture of the diversity and functions of the micro-organisms residing
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even in a single environment. Thus the development of new techniques holds huge
potential to overcome the difficulties to capture complete microbial profile.
The study of microbial diversity is very much important in a particular habitat
as the microbes helps in maintenance or modification of the environment and it is
also responsible for survival of surrounding organisms and also helps in the process
of evolution of the other living organisms. It is therefore, time to investigate the
intricate relationship between the soil microbiota and plants and how this relationship benefits both of the organisms in spite of the environmental changes.
In 1904, Lorenz Hiltner coined the term, “rhizosphere”—a word partly originated from the Greek word “rhiza”, meaning root which describes the plant-root
interface [11]. Hiltner described the rhizosphere as the area around a plant root
that is inhabited by a unique population of microorganisms. But in recent years
based on the relative proximity and influence to root the rhizosphere is refined
to include three zones. The endorhizosphere includes cortex and endodermis in
which microbes occur in very close association with the roots of the plant; they are
present inside the roots and referred to as endophyte at times. They are resultant of
plant root exudates which attract them to colonize the roots. The rhizoplane is the
medial zone directly adjacent to the root including the root epidermis and mucilage.
The outermost zone is the ectorhizosphere which extends from the rhizoplane out
into the bulk soil and it is the house to the organisms which are either free living or
non-symbionts which are highly influenced by management or cultural practices.
The rhizosphere is not a region of definable size or shape, but consists of a gradient in chemical, biological and physical properties which change both radially and
longitudinally along the roots.

Figure 1.
Methods for studying microbial diversity harboring in the soil.
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Discovering the microbiota of the soil environment requires selection of the
suitable method(s) for capturing the maximum diversity at a particular time
and space. It is obvious that based on a particular interest of the researcher, the
approach to understand microbial diversity may be different from others or same.
To determine spatial heterogeneity, considerable amount of work is still needed,
for example, how representative a 0.1 mg sample of soil is with respect to the larger
environment from which it was taken. Selection of proper method for extracting
the meaningful information is very much important to escape the biasness of the
results or to reduce the error rate in estimating the diversity by using statistical
significance as well. To understand the overall microbial diversity, the researchers
use one or combination of the methods given below for collecting the maximum
information using their own standard sample size (Figure 1).

4. Culture dependent approaches
4.1 Plate count
Standard culture technique involves selective plating, direct counting viable
colonies/cells and characterization of microorganisms on artificial or synthetic
growth media in laboratory condition [12]. The major limitation of the culture
dependent techniques is that we are unable to study the microbes which cannot be
grown on artificial media. In spite of putting efforts in improving the culture media
which can copy the natural conditions for the growth of the microbes, it was seen
that the majority of the fraction of microbes were still unculturable. The minimal
media, culture dilutions and the extended incubations helps in recovery of few
slow growing microbial species which were considered as uncultivable earlier, but
the abundance of the microbes in soil, which can be seen under microscope, still
remains untapped or untouched. A technique has been devised for the cultivation
of uncultured microorganisms from different environments that involved encapsulation of cells in gel micro-droplets for large-scale microbial cultivation under low
nutrient flux conditions [13].
4.2 Community level physiological profiling (CLPP)
Garland and Mills developed a technique to assess the potential functional diversity of the bacterial population through Sole Source Carbon Utilization (SSCU) patterns [14]. Based on carbon utilization, BIOLOG (https://biolog.com) introduced
the technique into ecological studies to estimate metabolic potential of microbial
communities. The BIOLOG plate method was used for comparing metabolic activity of heterotrophic microbial communities from different habitats using redox
chemistry. These plastic microtiter plates contain colorless tetrazolium dye with
95 different carbon substrates (e.g. carbohydrates, amino acids, amines, amides,
carboxylic acids, etc.) in wells, and one well without any substrate used as control.
Soil samples are shaken in a suitable solution; the soil solution is inoculated into
the plate wells and incubated at constant temperature. Soil microorganisms oxidize
the substrates in the microtiter plate wells and also reduce the tetrazolium dye to a
violet formazan which is measured spectrophotometrically [15]. Currently BIOLOG
has developed various microtiter plates for identification of aerobes, anaerobes,
yeasts and filamentous fungi. This method is rapid, convenient and can help to
identify over 2900 bacteria, fungi and yeast. But the drawback is the microbes
which are cultivable and able to grow in high-nutrient conditions can only be
studied. This method was used mainly to investigate microbial communities from
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bulk and rhizosphere soil and to estimate the impact of stressors on soil microbial
communities [15]. The BIOLOG microplates were used for identifying the bacterial
population in the contaminated soils around the Explosive Institute of Riyadh community (Saudi Arabia) which shown Proteobacteria to be the dominant phylum in
all the five regions with Burkholderiaceae, Chromatiaceae and Pseudomonadaceae
common and dominant families representing 49% of the relative abundance at the
family level [16]. Compared to earlier microtiter plates, BIOLOG EcoPlate are more
in use for Community Level Physiological Profiling (CLPP) as it contains three
replicates of 31 different carbon sources and one control well per replicate (Biolog
Inc., Hayward, CA, USA) [15].

5. Culture independent approaches
The viable source of information regarding the microbial players in the soil can
be discovered through the biomolecules such as lipids, DNA, RNA and proteins.
The extraction procedures of the biomolecules from the soil are another challenge
as the content of the soil, structure and humic acids varies from place to place,
time to time. Over the years, several procedures has been devised for extracting the
biomolecules such as nucleic acids but still there is the compromise in concentration or quality of the biomolecules. However, in recent years there has been huge
progress in developing the new techniques for studying the microbes in soil and
other environments.
5.1 Microbial lipid based techniques
As we know fatty acids are the components of the cellular membrane of all living
cells, and their composition can reveal the types of organisms present without
actual culturing the micro-organisms. The constant proportion of fatty acids microbial cell biomass as well as the presence of signature fatty acid and their profile
helps to differentiate major taxonomic group within the community.
5.1.1 Phospholipid fatty acid analysis (PLFA)
Phospholipid fatty acid analysis (PLFA) quantifies a set of biomarkers that track
primarily viable biomass, avoids culturing of micro-organisms, and represents insitu conditions. PLFA provides a community measurement that is phenotypic rather
than genotypic in nature. It does not give information on species composition but
rather is analogous to the ecological concept of functional groups [17]. In a comparison study regarding the PLFA analysis and 16S rRNA gene metabarcoding of
bacterial communities across the biomes, the PLFA profiling has been found better
in distinguishing bacterial community [18]. It was also noticed that the PLFA profiling was better at detecting community responses to heavy metal pollution [19]. The
other method which is also based on fatty acid extraction and profiling is fatty acid
methyl ester and was used for estimating microbial biomass and characterizing
microbial community composition in soil [20].
5.1.2 Fatty acid methyl ester (FAME)
Fatty acid methyl ester (FAME) provides information on the microbial community composition based on groupings of fatty acids. The fatty acids are extracted by
saponification followed by derivatization to give the respective FAMEs, which are
then analyzed by gas chromatography. The pattern thus obtained is compared to a
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Metagenomics - Basics, Methods and Applications

reference FAME database to identify the fatty acids and their corresponding microbial signatures by multivariate statistical analyses [21]. Bacterial fatty acids are
highly conserved due to their role in cell structure and function and are the major
constituents of the lipid bilayer of bacterial membranes and lipopolysaccharides.
They have been used extensively for taxonomic and identification purposes. Whole
cellular FAME content is a bacterial profile and is a direct and stable expression of
the cellular genome. The cellular fatty acid pattern is a phenotypic character that
is not affected by mutations, acquisition or loss of plasmids. The use of fatty acid
analysis by gas chromatography for the identification of bacteria is rapid, efficient,
reproducible and used for the identification of both clinical and environmental
isolates. It has been used to study microbial community composition and population changes due to agricultural practices. Miura and her associates reported that
EL- FAME method was simple and would produce similar results to PLFA method
for bacteria in both quantitative and qualitative assessments when comparing different soils across ecosystems [20].
The importance of FAME analysis for the identification of bacteria is based on
the large structural differences within these molecules viz., (i) variation in length
(8–20 C-atoms), (ii) presence of saturated and monounsaturated fatty acids,
(iii) occurrence of branched fatty acids (iso and anteiso fatty acids or methylated
within the molecule), (iv) occurrence of cyclopropane fatty acids (17:0c, 19:0c),
(v) occurrence of hydroxy-fatty acids with an OH-group at position two or three of
the molecule. For classification or identification of bacteria the presence of distinct
fatty acids and their relative amount is analyzed and compared with the fatty acid
profiles of reference strains [22].
The microbial community characterization using nucleic acids has been further
discussed as follows:
5.2 Non-PCR based techniques
5.2.1 DNA re-association
DNA re-association kinetics measures the genetic complexity of the microbial community and has been used to estimate microbial diversity. Total DNA
is extracted from environmental samples, purified, denatured and allowed to
re-anneal. The rate of hybridization or re-association will depend on the similarity
of sequences present. As the complexity or diversity of DNA sequences increases,
the rate of re-association of DNA will decrease. Under specific conditions, the time
needed for half of the DNA to re-associate (the half association value C0t1/2) can be
used as a diversity index, as it takes into account both the amount and distribution
of DNA re-association. The parameter controlling the re-association reaction is
concentration of DNA product (C0) and time of incubation (t), usually described
as the half association value, C0t1/2 (the time needed for half of the DNA to reassociate). Under specific conditions, C0t1/2 can be used as a diversity index, as it
takes into account both the amount and distribution of DNA re-association [23].
Alternatively, the similarity between communities of two different samples can
be studied by measuring the degree of similarity of DNA through hybridization
kinetics [24].
5.2.2 Guanine plus cytosine (G+C) content of DNA
Differences in the guanine plus cytosine (G+C) content of DNA can be used to
study the bacterial diversity of soil communities [25]. It is based on the knowledge
that microorganisms differ in their G+C content and that taxonomically related
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groups only differ between 3 and 5%. Even though GC fractionation provides coarse
level of resolution as different taxonomic groups may share the same G+C range,
it is probably the only technique that is completely independent of any previous
knowledge regarding which bacterial populations comprise the community or their
genomic content [26]. However, this method can be used with other PCR based
methods like DGGE or TGGE for better accessibility of the microbial picture.
5.2.3 Reverse sample genome probing (RSGP)
This method utilizes genome microarrays to analyze microbial community composition. RSGP has four steps: (1) isolation of genomic DNA from pure cultures; (2)
cross-hybridization testing to define species with less cross hybridization (<70%).
DNA fragments with greater than 70% cross-hybridization are considered to be
the same species; (3) preparation of genome arrays by spotting known amounts of
denatured genomic DNAs from all identified standards onto a solid support; and
(4) random labeling of a defined mixture of total community DNA and internal
standard, hybridization of the labeled probe with the genome array and detection and analysis of the individual dot hybridization data [27]. Due to low level of
hybridization, low levels of gene expression cannot be quantitated which limits the
use of this technique. However, this technique allows the coverage of the uncultured component of environmental microbial communities. Although possible in
principle, the problem of linking a specific DNA fragment to a particular strain is
formidable and requires extensive characterization of any metagenome through
cloning and sequencing.
5.3 PCR based methods
Targeting the 16S rDNA is used extensively to study prokaryote diversity and
allows identification of prokaryotes. The prediction of phylogenetic 18S rDNA and
internal transcribed spacer (ITS) regions are increasingly used to study fungal communities. Soil community DNA is extracted, purified and amplified using either
specific or universal primers, the resultant products are then separated by various
ways and analyzed accordingly.
5.3.1 Highly repeated sequence characterization or microsatellite regions
During the process of evolution both in prokaryotic and eukaryotic organisms,
there is the accumulation of highly repetitive short DNA sequences (1–10 bp)
throughout their genomes, which can be used in differentiation between the organisms at species or strain level. Highly repeated sequences are also termed as microsatellite regions and have been used for identification of mycorrhiza. Fingerprints
of the PCR-amplified microsatellites can be compared using similarity indices to
investigate differences between or among the species. The design of primers is
solemnly dependent on the sequence information of microsatellite regions. The
use of this method to study microbial diversity may be limited depending on the
complexity of the community [12].
5.3.2 Random amplified polymorphic DNA
In 1990, William and his team developed a method which includes amplification of DNA fragments by using short arbitrary primer targeting multiple loci in
genomic DNA, generating unique profile (amplicons of various lengths [28]). Both
genomic variations between bacterial species and genetic polymorphism between
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bacterial strains could be identified based on the differences in the molecular size
and the number of DNA fragments obtained (Figure 2). RAPD analysis was used
to study metagenome diversity in soil microbial community of arid zone plants [29]
and in soil affected by industrial pollutants [30].
5.3.3 Restriction fragment length polymorphism (RFLP)/amplified ribosomal
DNA restriction analysis (ARDRA)
It is another tool used to study microbial diversity that relies on DNA polymorphisms. PCR amplified rDNA is digested with a 4-base pair cutting restriction
enzyme. Different fragment lengths are detected using agarose or non-denaturing
polyacrylamide gel electrophoresis in the case of community analysis. RFLP
fingerprint can be used to measure bacterial community structure. ARDRA is a
DNA fingerprinting technique based on PCR amplification of 16S ribosomal DNA
using primers for conserved regions, followed by restriction enzyme digestions and
agarose gel electrophoresis. ARDRA was used successfully to study and compare
the microbial diversity in copper contaminated soils [31]. Sklarz and his associates
evaluated the use of amplified rDNA restriction analysis assay for identification of
bacterial communities and concluded that ARDRA based dendrograms may not
mirror 16S rDNA sequence based phylogenetic trees [32].
5.3.4 Terminal restriction fragment length polymorphism (T-RFLP)
T-RFLP follows the same principle as RFLP except that one PCR primer
is labeled with a fluorescent dye, such as TET (4,7,2V,7V-tetrachloro-6carboxyfluorescein) or 6-FAM (phosphoramidite fluorochrome 5-carboxyfluorescein), which allows detection of only the labeled terminal restriction fragment [33].
This simplifies the banding pattern, allowing the analysis of complex communities
as well as providing information on diversity as each visible band represents a single
operational taxonomic unit or ribotype. The banding pattern can be used to measure species richness and evenness as well as similarities between samples. Terminal
restriction fragment length polymorphism (T-RFLP) has higher resolution and
is more comprehensive than cultivation-based methods [13]. This procedure can
be automated to allow sampling and analysis of a large number of soil samples
with recent developments in bioinformatics, several Web-based T-RFLP analysis
programs have been developed, which enable researchers to rapidly assign putative identities based on a database of fragments produced by known 16S rDNA

Figure 2.
RAPD profile of bulk soil DNA.
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sequences. This technique has been successfully applied to the composition and
diversity analysis of soil microbial communities under different environmental
conditions [34–36]. T-RFLP analysis was used to reveal the composition and diversity of soil bacterial communities along an altitude gradient in Wuyi Mountains
addressing relationship between the composition and structure of the soil microbial
communities and the vegetation types and cause of the difference in soil microbial
communities under different vegetation types [13].
5.3.5 Ribosomal intergenic spacer analysis (RISA)/automated ribosomal intergenic
spacer analysis (ARISA)
Ribosomal intergenic spacer analysis (RISA) is a simple, single-step PCR-based
method for profiling microbial diversity that detects the variation in size of the
intergenic transcribed spacer (ITS) region between the bacterial 16S and 23S
rRNA genes [37]. RISA has been extensively used to profile microbial diversity in
a range of environmental niche. Intergenic spacer (IGS) region between the 16S
and 23S ribosomal subunits is amplified by PCR, denatured and separated on a
polyacrylamide gel under denaturing conditions. This region encodes tRNAs and
is useful for differentiating between bacterial strains and closely related species
because of heterogeneity of the IGS length and sequence. In RISA, the sequence
polymorphisms are detected using silver stain while in ARISA the forward primer
is fluorescently labeled and is automatically detected using laser. ARISA is a rapid
and effective community analysis technique which can be used in conjunction with
other accurate labor-intensive methods (e.g., 16S rRNA gene cloning and sequencing) for fine-scale spatial and temporal resolution [38]. Delmont and co-workers
evaluated the different DNA extraction protocols by using RISA in study of soil
microbial communities and reported that the total community DNA extracted from
different DNA extraction procedures generated the different RISA profiles [39].
5.3.6 Temperature/denaturing gradient gel electrophoresis (TGGE/DGGE)
Muyzer with his teammates expanded the use of DGGE to study microbial genetic
diversity [40]. In DGGE, DNA is extracted from soil samples and amplified using
PCR with universal primers targeting part of the 16S or 18S rRNA sequences. The
5′-end of the forward primer contains a 40 base pair (16S rRNA) or 50 base pair
(18S rRNA) GC clamp to ensure that at least part of the DNA remains intact or to
avoid the complete dissociation of the amplified products into single strands which
might flow away from the gel. This is necessary as the separation of amplified DNA
on a polyacrylamide gel with a gradient of increasing concentration of denaturants
(formamide and urea) will occur based on melting behavior of the double-stranded
DNA (Figure 3). TGGE uses the same principle as DGGE except the gradient is
temperature rather than chemical denaturants. Polymorphism based on the separation of partially melted 16S rDNA a linear temperature gradient. It represents the
sequence variations other than the restriction sites also. Sequence variation among
different PCR amplicons determines the melting behavior, and therefore amplicons
with different sequences stop migrating at different positions in the gel. However, it
covers only less than less than 400 bp of 16S gene. Conservative fragments of available 16S rDNA sequences were mined and searched for candidate primers within
the fragments by measuring the coverage rate defined as the percentage of bacterial
sequences containing the target. Thirty predicted primers with a high coverage rate
(>90%) were identified [41] and can be successfully used for generating DGGE
fingerprints. Abundance of denitrifying genes and microbial community structure in
volcanic soils [42], assessment of silver nanoparticles on soil bacterial diversity [43],
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Figure 3.
DGGE profile of the 16S rDNA (V5 region) of soil rhizosphere samples.

effect of long term fertilization on bacterial and fungal diversity in brown soils [44],
Changes of Soil Bacterial Diversity in a Semi-Arid Ecosystem [45] has been successfully studied by using DGGE profiles.
How to get more out of molecular fingerprints remains the question, because
estimating the species diversity is the most important factor towards better understanding of the microbial load in the given soil environment. Various investigations
indicate that the species richness is the simplest measure of diversity. Any characterized soil environment shows few common species but in greater abundance
as compared to more uncommon species harboring in the same environment but
in less number therefore, one should consider the species evenness also. A common point of agreement on the diversity is that, species richness and evenness
aggregately estimates the diversity and these components should be defined so that
they are independent of each other [46]. One of the most commonly used evenness
measure is Pielou’s evenness index, evenness expresses how evenly the individuals
in the community are distributed over the different species [47].
Claude Shannon originally proposed this measure which has been useful in
comparing diversity between the different habitats [48]. Shannon index is easy for
calculation and interpretation, the Shannon index generally ranges between 1.5 and
3.5 for many ecological habitats. Simpson diversity is less sensitive to richness and
more sensitive to evenness; whereas Shannon diversity is more sensitive to evenness.
For comparing the similarity between the samples, one can apply Jaccard index or
Sorensen index. They are most widely used and are based on the presence/absence
of species in paired assemblages and are simple to compute [49]. A modified version
of Jaccards has been proposed by Chao and his colleagues to include the effect of
unseen shared species, based on either (replicated) incidence or abundance based
sample data [50].
As the soils have a dynamic nature, there is always a shift in microbial population during the different time or during different seasons. At a given time,
particular number of species significantly dominates over other and vice versa.
Therefore, such shift in microbial load can be estimated using different comparison
tools. Some of them are cluster analysis [51], moving window analysis [52] or by
visual inspection [53] or the Dice index [54] which can be applied for estimation of
microbial shift during a defined period of time. The percent change in microbial
composition between the two sampling interval can be calculated by subtracting
percent similarity (calculated by any of the similarity indices) from 100. This can be
done for consecutive sampling points over a period of experimentation. Using that
% change values, moving window analysis is plotted between consecutive sampling
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points. The rate of change (Δt) value is calculated as the average of the respective
moving window curve data points [43]. Higher Δt values represent higher shifts
between two successive sampling points.
The above diversity analysis parameters are based on the relative abundance of
the species in the given sample and extensively used to analyze denaturing gradient
gel electrophoresis profiles.
5.3.7 DNA microarray
Nucleic acid (DNA/RNA) hybridization using specific probes is another
qualitative and quantitative tool in molecular bacterial ecology. Oligonucleotide
or polynucleotide probes designed from known sequences ranging in specificity
from domain to species can be tagged with markers (fluorescent) at the 5′-end
[55]. Based on nucleic hybridization, DNA microarrays are developed and are used
to detect and identify bacterial species in soil or any other environmental samples.
In this method, a single chip contains thousands of probes with high specificity
can be used in identifying microbial species in soil or environmental samples. The
amplified products from the soil DNA is hybridized against the known molecular
probes, which are attached on the microarrays. The hybridized spots are detected
and scored using microscopy. Its advantage is the rapid and replicated evaluation
of the samples [56] but while analyzing the soil or environmental sample there
may be risk of cross hybridization. Further, there are two different microarray
chips namely 16S rRNA gene microarray or PhyloChip and Functional gene microarray or GeoChip (Figure 4).
PhyloChip is the most widely used phylogenetic array. In here, 16S rRNA
genes are extracted followed by PCR amplification of metagenome DNA and
then biotin labeled for PhyloChip hybridization, the signals are detected using
digital image detection. It is Affymetrix-based technology consisting 25-mer
oligonucleotide probes which differentiate between the 16S rRNA gene sequences
in microbial communities. The recent version of the PhyloChip (G3) has probes
targeting ~60,000 operational taxonomic units (OTUs), representing two
domains (Archaea and Bacteria), 147 phyla, 1123 classes, 1219 orders, 1464

Figure 4.
DNA microarray chip (PhyloChip or GeoChip).
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families, and 10,993 subfamilies [57]. Functional gene arrays are used in targeting genes involved in various biogeochemical cycling processes which help in
determining the functional composition microbial communities. GeoChip, a
functional gene array is widely used which targets hundreds of functional genes
involved in biogeochemical, ecological, and environmental analyses. Arrays for
detecting specific functional processes, such as nitrogen cycling, methanotrophy,
stress responses, hydrogen activity etc. are available. The version 5.0 GeoChip
contains about 167,000 50-mer oligonucleotide probes covering ~395,000 coding sequences from >1590 functional genes related to various microbes, mineral
cycling, energy metabolism, antibiotic resistance, metal homeostasis and resistance, secondary metabolism, organic remediation, stress responses, bacteriophages, and virulence [58].
5.3.8 Single-strand conformation polymorphism (SSCP)
SSCP was developed to detect gene polymorphism in human DNA and mutations by comparing PCR products [59]. DNA fragments are amplified, followed
by denaturation and separation in non-denaturing polyacrylamide gel. Singlestranded DNA is separated on a polyacrylamide gel based on differences in mobility
caused by their folded secondary structure. DNA fragments of equal size with no
denaturant results into folding and movement, depending on the DNA sequences.
Single stranded DNA forms secondary structures which are unique to its nucleotide
sequence. This secondary structure hinders the movement of DNA in polyacrylamide gel and hence, the banding pattern is obtained at different position from the
fragment of equal size but amplified from genetically different species. The advantage of SSCP over DGGE is that here GC clamp is not required during PCR but has
a limitation with that there is high rate of re-annealing of DNA strands after an
initial denaturation during electrophoresis which can however be overcome using a
phosphorylated primer during PCR [21]. Smalla and her team studied the bacterial
diversity of the soils by assessing the DGGE, T-RFLP, and SSCP fingerprints of 16s
rRNA gene fragments. Although, the fragments amplified comprised different variable regions and lengths, DGGE, T-RFLP and SSCP analyses led to similar findings:
(a) a clustering of fingerprints which correlated with soil physico-chemical properties, (b) little variability between the replicates of the same soil, (c) the patterns
of the two brown soils were more similar to each other than to those of the other
two soils, and (d) the fingerprints of the different soil types revealed significant
differences in a permutation test [60]. SSCP fingerprints were also used in study of
microbial diversity in landslide soils; the more detailed profile of fungal diversity
was obtained using this method [59].
5.3.9 High resolution melt curve (HRM)
High resolution melt curve typically involve qPCR amplification followed by a
melting curve collected using a fluorescent dye. It follows extraction of nucleic acids
and qPCR with fluorescent labeled dye. Following amplification and quantification
of the 16S rRNA gene, a high-resolution melting curve analysis is obtained. The
procedure melts the amplified 16S rRNA gene products between the temperatures
ranging from 72°C and ending at 95°C, with fluorescence measurements taken at
every 0.1°C increment. Melting curves are normalized to relative fluorescence units
(RFU) in a specified “melt region” (e.g., 83.5–89.5°C), thereby negating the effect
of absolute RFU values. The melt region is autocalled by the melt analysis software
(Precision Melt Analysis) [61]. The effects of herbicide on soil bacterial diversity
were efficiently studied using HRM analysis [62].
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5.3.10 Real time PCR (qPCR)
Real time PCR (qPCR) helps in real time quantification of the active population
present in the environmental sample by targeting ribosomal genes specific to different species of the microbial community. It gives an idea of phylogenetic community
composition by assessing the range of phyla or classes [63]. Quantitative PCR
(qPCR), or real-time PCR, has been used in microbial investigations to measure
the abundance and expression of taxonomic and functional gene markers. Unlike
traditional PCR, which relies on end-point detection of amplified genes, qPCR
uses either intercalating fluorescent dyes such as SYBR Green or fluorescent probes
(TaqMan) to measure the accumulation of amplicons in real time during each cycle
of the PCR. Software records the increase in amplicon concentration during the
early exponential phase of amplification which enables the quantification of genes
(or transcripts) when they are proportional to the starting template concentration.
When qPCR is coupled with a preceding reverse transcription (RT) reaction, it can
be used to quantify gene expression (RT-qPCR). qPCR is highly sensitive to starting
template concentration and measures template abundance in a large dynamic range
of around six orders of magnitude. Several sets of 16S and 5.8S rRNA gene primers
have been designed for rapid qPCR based quantification of soil bacterial and fungal
microbial communities [64]. Aparna and his co-workers investigated the quantification of 16S rDNA, amoA and nifH genes in organic and inorganic cropping soil
using qPCR, which shown a clear 1.8 fold increase in both organic cropping and
organic orchard soils whereas the abundance of amoA gene decreased by 22- and
11-folds in organic cropping and orchards [65].
5.4 Sequencing based methods
5.4.1 Clone library sequencing
Clone library sequencing involves extraction of environmental DNA followed
by amplification of partial or full length of 16S rRNA (27f (5′-AGRGTTTGAT
CMTGGCTCAG)) and 1492R (5′-GGTTACCTTGTTACGACTT). The amplified sequences are then ligated and cloned in a suitable vector. Further the clones
containing organism-specific 16S rRNA gene fragments are purified and sequenced
from each terminus. Sequences are then assembled and checked for QC. Phylum,
class, order, family, subfamily, or OTU placement are determined when a clone
surpasses similarity thresholds of 80, 85, 90, 92, 94, or 97%, respectively. When
similarity to nearest database sequence falls below 94%, the clone is considered
to represent a novel subfamily and a novel class was denoted when similarity is
less than 85% [66]. A comprehensive study was done to characterize the relative
abundance, diversity and composition of acidobacterial communities across a range
of soil types using clone library analyses [67]. Vázquez and co-workers collected the
soil and sediment samples from the coastal region in response to diesel spill, based
on DGGE analysis they selected six soils and two sediment samples for identification of bacterial community structure using clone library analyses [68].
5.4.2 Amplicon sequencing
Soil DNA is extracted and then 16S/18S rDNA genes are amplified by using
specific set of specific primers targeting variable regions of 16S/18S rDNA,
followed by purification of fragments using magnetic beads, then adapters are
ligated and the library of fragments (clones) is amplified and the samples are
sequenced using NGS platform. The dataset obtained after sequencing can be
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compared with Ribosomal Database Project (RDP) for identification of microbial
community harboring in environmental sites [69]. Using NGS, it is possible to
resolve highly complex microbiota compositions with greater accuracy, as well
as to link microbial community diversity with niche function. The soil DNA was
extracted and the two step PCR amplification was done using domain-specific
primer, 515F/806R (for prokaryotes), F1427/R1616 (for eukaryotes) or ITSF1/
ITSF2 (for fungi) followed by purification and amplicon sequencing using
illumina platform for identification of soil bacterial and fungal community. [70].
Schöler and colleagues has stated brief highlights regarding the crucial steps that
should be considered for accurate analysis and data interpretation while opting
for amplicon sequencing using marker genes [71].
5.4.3 Shotgun metagenome sequencing
Exploration of microbial universe in environmental systems through shotgun
metagenome sequencing allows us to investigate deeper strata of the microbial
communities and provides an unbiased view on the phylogentic and functional
composition of the environmental microbial communities [21]. For sequencing of
the soil or environmental DNA the steps involved are, extraction of high quality
total community DNA followed by fragmentation to obtain desired length of fragments, which are further purified followed by amplification and sequencing using
desired or available sequencing platform. The data set thus obtained is analyzed
with the offline (MEGAN) or web- based software (MG-RAST) for visualization
or comparison of the pictures of microbial world. Although shotgun metagenomic
sequencing does not involve the biased amplification of 16S rRNA genes, the relative organism abundances inferred from metagenomic sequences vary significantly
depending on the DNA extraction and sequencing protocol utilized [72]. Utilizing
the Illumina sequencing platform, the impact of N fertilization on soil microbial
communities was studied, where the field was cultivated under soybean and corn
[73]. Luo and is team reported whole-genome shotgun metagenomic analysis of
microbial communities of temperate grassland soils that experienced 2°C infrared
heating for 10 years and observed that the heated communities showed significant
shifts in composition and predicted metabolism, and these shifts were community
wide as opposed to being attributable to a few taxa. Key metabolic pathways such
as cellulose degradation (~13%), CO2 production (~10%), and to nitrogen cycling
(~12%), were enriched under heating, which was consistent with independent
physicochemical measurements. [74].

6. Applications of metagenomics in soil environment
Soil habitats contain the greatest microbial diversity of all the other environments on earth. So far, metagenomic approaches able to scratch the surface of the
genomic, metabolic and phylogenetic diversity stored in the soil metagenome.
Being a most diverse and challenging environment, soil holds an unlimited resource
for the discovery of novel genes, enzymes, natural products, bioactive compounds,
and bioprocesses. Soil metagenomic methods, specifically isolation of soil DNA
followed by construction and screening of clone libraries, enable to look at more
complete picture of soil microbial communities and to better understand their
interactions. This methodology is of great potential for use in the studies of soil
microbial communities and their functional genes, and in the discovery of new
biocatalysts for industry. The sustainable economic future of modern industrialized
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societies requires the development of novel molecules, enzymes, processes,
products, and applications. Application of metagenomics in soil had helped many
microbiologists for uncovering its huge potential by overcoming the need for
culturing the microbes in pure form as well as capturing the unculturable ones.
High-throughput and sensitive screening methods are employed to overcome the
complexity of soil metagenome. In general, screening of soil metagenome libraries
relies on metabolic activity (function-driven approach) or on nucleotide sequence
(sequence driven approach) whichever is suitable and feasible. By employing one
or combination of these methods, researchers can discover vast number of novel
products of industrial or agricultural use.
6.1 Soil health
Soil microbes are essential for the proper functioning (i.e., health) of a soil.
Yet, there is little information about how to assess the life present in soil to
determine if a given soil is healthy or not. Till date, biological measures of soil
health have been centered on biological functions, such as respiration or nitrogen
mineralization. Soil metagenomics is a promising approach in describing the
functional potential of the soil microbial community, which might yield greater
insight into the health of a soil than taxonomy-based metrics. Soil health cannot be measured directly, so quality/health of soil is evaluated by indicators.
Structural and functional diversity of microbes, presence/absence of important
microbial players, microbial activity (respiration, DNA replication and cell
division), nutrient cycling, production of cofactors and secondary metabolites,
and response to biotic and abiotic stress can be used as biological indicators of soil
health. Biological activity of the soil can be known by estimating dehydrogenase
enzyme in the soils [75]. β-glucosidase involves in hydrolysis and biodegradation
of various β-glucoside present in decomposing plant debris in soil. β-glucosidase
is characteristically useful as a soil quality indicator, and may give a reflection
of past biological activity, the capacity of soil to stabilize the soil organic matter,
and can be used to detect management effect on soils [76]. The amount of these
enzymes activity indicates the biological capacity of soil, for the enzymatic conversion of the substrate and also has an important role in the ecology of microorganisms in the ecosystem. The degradation and hydrolysis of chitin is achieved by
Chitinase a key enzyme responsible for the same. Its presence in different forms in
the ecosystem has demonstrated its effectiveness in the control of soil-borne diseases. Arylsulphatases are responsible for the hydrolysis of sulphate esters in the
soil [77] and are secreted by bacteria into the external environment as a response
to sulphur limitation. Phosphatases are good indicator of soil fertility and are
believed to play critical roles in P cycles [78]. When there is a signal indicating P
deficiency in the soil, acid phosphatase secretion from plant roots is increased to
enhance the solubilization and remobilization of phosphate, thus influencing the
ability of the plant to cope with P-stressed conditions [79].
6.2 Industrial use
Activity-based screening has the potential to detect entirely novel genes encoding new types and classes of enzymes or to identify the new bioactive compounds.
In addition, it is selective for full-length genes and functional gene products.
Cellulases has been isolated from various natural environments like soil, rumen,
compost soil and many more using metagenomic technique by constructing the
metagenomic libraries followed by screening of the biologically active clones.

25

Metagenomics - Basics, Methods and Applications

Cellulases are used in animal feeds for improving the nutritional quality and
digestibility, in processing of fruit juices, and in baking, while de-inking of paper is
yet another emerging application [80]. Alvarez with his team isolated and characterized a novel cellulase by functional screening of a metagenomic library derived
from sugarcane field land soil [65]. Lipases have been found in many species of
animals and plants. The enzymes from microbial sources (such as bacteria, yeast
and fungi) are currently receiving particular attention because of their actual and
potential applications in industry mainly in the detergents, oils and fats, dairy and
pharmaceutical industries [80]. A novel metagenomic xylanase has been isolated
from compost-soil metagenome that shows alkali stability and thermostability,
thus bearing a potential application in paper and pulp industry in pulp bleaching
[81]. Vidya with her co-associates isolated a thermostable and calcium-dependent
amylase from a soil by constructing and screening soil metagenomic library and
suggested its applications in baking and de-starching [82].
6.3 Antibiotics discovery
Since the discovery of first antibiotic there has been tremendous improvement
in human health. However by traditional techniques we can tap only known antibiotics identified from known organisms. However, soil metagenomics presents a
greater opportunity for discovery of vast number of antibiotics yet to be discovered.
Researchers have isolated new antibiotics, one of such example is Turbomycin
A and B from a metagenomic library of soil microbial DNA [83]. Some of them,
isolated the genes encoding enzymes required for synthesis of other antibiotics
e.g., Voget and co-workers found one amidase-positive clone while general screening of a soil metagenomic library for biocatalysts [84]. Amidases are used in the
biosynthesis of β-lactam antibiotics [85]. Chang and Brady reported a gene cluster
bor from soil that encodes indolotryptoline based compounds, a small and relatively
rare family of natural products that exhibit potent activity against certain tumor
cell lines [86]. Through activity-based screening of E. coli plasmid library from four
agricultural soil samples 45 clones were isolated which were showing resistant to
tetracycline, chloramphenicol, kanamycin, minocycline, gentamicin, amikacin,
aminoglycosides, streptomycin and rifampicin [87].
6.4 Bioremediation
Due to industrialization, dumping or burying of harmful wastes in the soil or
water stream resulted in degradation of surrounding cultivable or arable lands. By
tapping these affected soil environments one can discover the microbes degrading
the harmful hydrocarbons. As microbes are directly involved in carbon cycles, they
may play a role in breaking down the carbon present in the harmful hydrocarbons.
Using a function-driven metagenomic approach, new metabolic pathways involved
in the biodegradation of aromatic compounds can be discovered. Many rhizospheric
microbes produce biosurfactant; these biomolecules play vital role in motility, signaling, and biofilm formation, indicating that biosurfactant governs plant–microbe
interaction. In agriculture, biosurfactants can be used for plant pathogen elimination and for increasing the bioavailability of nutrient for beneficial plant associated
microbes. Biosurfactants can widely be applied for improving the agricultural soil
quality by soil remediation. These biomolecules can replace the harsh surfactant
presently being used in million dollar pesticide industries [88]. Studies related to
adaptation of microbes in toxic environments may give rise to trace new metagenomic communities useful for efficient bioremediation.
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6.5 Agriculture
Soil microbes play an important role in triggering the growth, stress responses
and defense in plants. Understanding the relationship between the soil microbiota
and plants using soil metagenomics will be very helpful in designing the crop
systems. Metagenomics study of the soils supplemented with organic manures
obtained from various farm animals would be very much helpful in formulating the
fertilization strategies and reducing the dependence on inorganic fertilizers. For
sustainable agricultural production, beneficial microbes of agricultural importance
can serve as a crucial alternative. Metagenomics help in the prediction of microbial
community structure and, therefore, can tackle and address fundamental scientific
questions related to agriculturally important microorganisms. This approach has
been successfully explored for the assessment of the diazotrophs belonging to the
rhizosphere of native red kidney beans (RKB) of the Western Indian Himalaya by
targeting nifH [89].

7. Conclusion
Soil being a complex environment, understanding of the interactions within
microbial communities and soil environments is very much necessary for designing
the strategies for sustainable agriculture, bioremediation, and human welfare. Soil
metagenomic data will reveal potential activities present in microbial communities
which can be harnessed for future good use. The huge diversity of soil microorganisms, together with the heterogeneity of the soil environment, hinders analyses
of microbial diversity, structure and the linking functional processes. One of the
major challenges for soil metagenomics is to develop methods to capture the heterogeneity and dynamics of complex soil microbial communities, both over time and
spatially. However, new methods will greatly increase the number of samples that
can be analyzed in the future. All the methods used for the investigating microbial
diversity and activity contain inherent biases and it is necessary to understand the
underlying mechanisms in order to be aware of the drawbacks and limitations, and
to appreciate the strengths and weaknesses of each approach [9]. Nevertheless,
these methods are starting to dissect the soil microbial biomass and the soil metagenome, and will, in the future, enable a greatly improved understanding of microbial
community dynamics and interactions relevant to soil functions.
The TerraGenome International Soil Metagenome Sequencing Consortium has
been dedicated towards soil metagenomics and helps in co-coordinating the global
researchers for the discovery of the soil hidden treasures (http://www.terragenome.org/).
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Abstract
Metagenomic approaches are a growing branch of science and have many
applications in different fields. Metagenomics seems to be the ideal cultureindependent technique for unraveling the biodiversity of soils and to study how
this biodiversity is affected with continuously changing conditions. In addition, its
application in clinical and diagnostic approaches was reported. The emergence of
several next-generation sequencing (NGS) strategies enriched the metagenomics.
The combination between NGS and metagenomic approaches helped the investigators resolve several issues regarding the microbial diversity and the functions and
relationships among different microbial flora. A number of NGS approaches were
developed including Roche/454 pyrosequencing, Illumina/Solexa sequencing, and
Applied Biosystems/SOLiD sequencing. In this chapter, different NGS platforms are
discussed in terms of principle, advantages, and limitations. In addition, thirdgeneration sequencing technologies are also addressed.
Keywords: high throughput, metagenomics workflow, sequencing approaches,
metagenomic data analysis

1. Introduction
The development of next-generation sequencing (NGS) techniques provides highthroughput sequence analysis with the ability to simultaneously and independently
sequence billions of DNA molecules. The combination between such technologies
and metagenomic approaches helped the investigators study the microbial diversity
and understand the functions and relationships among different microbial flora [1].
The use of metagenomic NGS by microbiologists overcomes several limitations and
secured the unbiased methods to study the microbial flora in any given environment
[2]. Thus, the dynamic of complex communities particularly those with non-cultivable microorganisms can be resolved [3, 4]. In addition, metagenomic NGS found
its way in the field of clinical and diagnostic approaches [5, 6]. In the clinical field,
NGS was used to inform the real-time incidence and prevention response to human
parainfluenza 3 virus infections [7] and for cerebrospinal fluid diagnostics [8].
Several NGS platforms were developed since 2006 with numerous applications
in genetic and biological research fields. Of these platforms, the most commonly
used include Roche/454 pyrosequencing, Illumina/Solexa sequencing, and Applied
Biosystems/SOLiD sequencing. The principle of all these NGS depends on the
detection of luminescent signals released by the base incorporation during the
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sequencing process [4]. They also share the same workflow which in the order,
DNA extraction, library construction, DNA template preparation, and automated
sequence analysis [9]. In this chapter, different NGS platforms are discussed in
terms of principle, advantages, and limitations. In addition, third-generation
sequencing technologies are also addressed.

2. Workflow of metagenomics
2.1 The sampling process and library construction for metagenomic analysis
Metagenomic analysis is a sophisticated process and involves several steps. Of
these steps, the sampling process is very crucial for the downstream applications.
Sample collection, preparation, and storage should be handled carefully to prevent
lysis and decomposition of the sample compositions. Multiple freezing–thawing
cycles may cause changes in the microbial community profile under investigation
[10]. As well, a suitable DNA extraction protocol should be adopted to cope with
the different chemical and physical characteristics of each sample. For instance,
soils contain many substances that are co-extracted with the genomic DNA and may
have inhibitory effects on the downstream experiments. Examples include humic
and fulvic acids [11]. Therefore, optimization and comparison between different
extraction methods are usually required for each type of samples [12, 13, 14, 15].
The extracted DNA is used to construct the DNA library. This is usually achieved
by connecting specific adaptors to one or both ends of the DNA fragments [16]. The
reason for utilizing DNA adaptor is to deal with the pool of samples and then connect
them to its original sample. Handling DNA at this stage should be careful to avoid
chemical, physical, or enzymatic damage of DNA molecules [17]. The construction of a DNA library is usually achieved through two approaches. The first one is
called meta-pair where the library is characterized by long fragment insert. The
second approach is called paired-end libraries with short fragment insert. In both
approaches, the DNA is fragmented into different fragment sizes that would allow for
their cloning. The DNA fragments obtained from such processes are cloned into the
proper cloning vector. The size of the resulting fragments determines the suitable vector for the cloning process. The small DNA fragments are usually cloned into plasmid
vectors, whereas fragments up to 40 kbp are cloned into cosmid or fosmid vectors.
Bacterial artificial chromosome (BAC) vectors are usually used to clone inserts with
sizes that exceed 40 Kbp [18]. Finally, the free adaptor, dimers of the adaptor, and any
other artifacts must be removed to avoid noisy sequencing data [17].
2.2 Sequencing approaches
During the 1970s, the first-generation sequencing techniques, chain termination
[19], and chemical sequencing approaches [20] were developed. In contrast to the
chemical sequencing approach, the Sanger sequencing method ultimately prevailed
and found immense applications due to its simplicity and is more amenable to being
scaled up [21]. Simply, the basis of Sanger sequencing depends on the incubation of
a specific primer and the template DNA in the presence of DNA polymerase. The
reaction is accomplished by the addition of a mixture of deoxyribonucleotide triphosphates and dNTPs’ dideoxyribonucleotide triphosphates for chain termination,
one of which was labeled with phosphorus-32. The resulting pool of DNA amplicons
will be with the same 5′ residue and different dNTP residues at the 3′ end (Figure 1).
This pool of DNA fragments is then fractionated by denaturing polyacrylamide gel
electrophoresis giving a band pattern. In this way, DNA decoding can be achieved
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Figure 1.
Sanger DNA sequencing. (1) The gene to be decoded is amplified by PCR. (2) The sequencing process is
performed by the addition of modified 2′,3′-dideoxynucleotide (ddNTPs) to the nascent chain. The modified
nucleotides act by terminating the chain extension, and the resulting DNA fragments of different sizes are
eluted by capillary gel electrophoresis. (3) Chromatograms are then analyzed to obtain the DNA sequences.

by the use of nucleotide analogs and other nucleotides in separate incubations and
concomitant electrophoretic analysis [22]. Currently, the use of fluorescent dNTPs
associated with the capillary electrophoresis provides full automation of the Sanger
approach. This modification allows retrieving up to 96 sequences per run with an
average 800–1000 bp size of DNA fragments [21, 23, 24]. Although the Sanger
sequencing was the mainstay of the original human genome project, this approach
still has some limitations. These limitations include high cost and low throughput, and
it is inadequate for studying unculturable organisms in complex environments [25].
2.2.1 Next-generation sequencing (NGS)
Due to the limitations of Sanger sequencing technique, next-generation sequencing emerged in 2005 [26]. Indeed, next-generation sequencing has made it possible to
study and identify organisms directly from their habitats without prior preparations
[27]. Compared to the first-generation sequencing, NGS can generate several hundred thousand to millions of sequencing reads in parallel. As well, sequencing can be
generated without some conventional steps such as vector-based cloning procedure
and hence reduces the chance of DNA contamination from other organisms [28].
Therefore, several next-generation sequencing platforms have been introduced including Roche 454, Illumina®, Applied Biosystems SOLiD sequencer, and Ion Torrent. All
next-generation sequencing or real-time sequencing (Roche 454, Illumina®, and AB
SOLiD) utilized optical sensors that detect luminescent signal, which are produced
during incorporation of bases in the sequence. The principles and characteristics of
NSG, SGS, and TGS are summarized in Table 1 [21]. In the subsequent sections, the
features and limitations of each of the NGS techniques are discussed.
2.2.1.1 Roche 454 genome sequence
Roche/454 pyrosequencing is the first NGS technology that launched and
became commercially available in 2005. It uses real-time sequencing-by-synthesis
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First generation

Second generation

Third generation

Fundamental
technology

Size separation of
specifically end-labeled
DNA fragments,
produced by SBS or
degradation

Wash-and-scan SBS

SBS, by degradation, or
direct physical inspection
of the DNA molecule

Resolution

Averaged across
many copies of the
DNA molecule being
sequenced

Averaged across
many copies of the
DNA molecule being
sequenced

Single-molecule resolution

Current raw read
accuracy

High

High

Moderate

Current read
length

Moderate
(800–1000 bp)

Short, generally much
shorter than Sanger
sequencing

Long, 1000 bp, and longer
in commercial systems

Current
throughput

Low

High

Moderate

Current cost

High cost per base

Low cost per base

Low-to-moderate cost per
base

RNA sequencing
method

cDNA sequencing

cDNA sequencing

Direct RNA sequencing and
cDNA sequencing

Time from start
of sequencing
reaction to result

Hours

Days

Hours

Sample
preparation

Moderately complex,
PCR amplification not
required

Complex, PCR
amplification required

Ranges from complex to
very simple depending on
technology

Data analysis

Routine

Complex because of
large data volumes and
because short reads
complicate assembly
and
alignment algorithms

Complex because of large
data volumes and because
technologies yield new
types of information and
new signal processing
challenges

Primary results

Base calls with quality
values

Base calls with quality
values

Base calls with quality
values, potentially other
base information
such as kinetics

Table 1.
The features and principles of first-generation sequencing, SGS, and TGS.

(SBS) pyrosequencing technology, and it depends on the detection of pyrophosphate (PPi) molecule that is initiated from the incorporation of a nucleotide in the
DNA polymerase (Figure 2) [29]. Briefly, the 454 pyrosequencing technology is
proceeding as follows: (i) the library fragments are connected to beads that carry
oligonucleotides complementary to adapter sequence ligated at the ends, (ii) amplifying the library fragments by emulsion PCR resulting in DNA beads that carry
millions of copies of DNA fragments on their surface, and (iii) the amplified beads
are inserted into picotiter plate (PTP) that consists of millions of wells. Each well
can hold only one amplified bead and contains diluted pyrosequence enzyme beads,
DNA amplified beads, PPiase beads, and pyrosequence beads. Finally, the light
emission from PTP is recorded by a CCD camera and is translated to nucleotide
sequences [29]. In comparison with other NGS platform, 454 pyrosequencing has
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Figure 2.
Pyrosequencing technique. (1) Beads coated with either streptavidin or complementary oligonucleotides
complementary to adapter sequences attached to the ends of the fragment to be sequenced. This allows the
binding of sequencing fragments to the beads. (2) The fragments to be sequenced are amplified through
emulsion PCR. (3) Loaded beads are transferred into the sequencing plate with millions of wells. (4) By
the addition of a nucleotide to the nascent chain that is connected to the beads by DNA polymerase, the ATP
sulfurylase enzyme converts released pyrophosphate to ATP with the emission of light that is detected by a CCD
camera and is translated to nucleotide sequences.

the longest reading (up to 1000–1200 bp). On the other hand, 454 pyrosequencing
has the highest cost per base and the lowest output [30].
2.2.1.2 Illumina sequencing (Solexa genome analyzer)
Illumina, formerly known as Solexa, has been introduced commercially in 2007.
Illumina technology utilizes bridge PCR amplification coupled with SBS in the flow
cell (Figure 3). Simply, the principle of Illumina sequencing is that the DNA fragments with barcoding primer (adaptor) are attached to the flow cell. The sequencing reaction is performed in the flow cell by adding labeled nucleotides. When the
nucleotide is incorporated, a luminescent signal is generated and then recorded
by optical sensors. After that, the fluorescent molecules are removed and the next
labeled nucleotide incorporated. However, the DNA fragment can be sequenced on
one side that is called single-end (SE) or from both sides known as paired-end (PE).
Nowadays, the most common sequencing used is PE due to the ability to generate
two reads for one DNA fragment which is useful in order to determine the distance
between two ends of the DNA fragment [31]. In fact, due to its low cost per base and
high yield, Illumina becomes the most widely used and popular NGS platform. The
output of Illumina sequencing is the highest among all NGS, making it suitable for
multiplexing hundreds of samples at the same time [32].
2.2.1.3 Applied biosystems (AB) SOLiD sequencer
AB SOLiD refers to sequencing by oligonucleotide ligation and detection. It has
been developed by Applied Biosystems (Life Technology) and became commercially available in 2007. The AB SOLiD sequencing approach differs from the other
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Figure 3.
Illumina/Solexa sequencing approach. (1) The DNA templates with the attached adapter sequences are
connected via a glass surface coated with oligos complementary sequences (2, 3, 4). DNA molecules fold over
into a bridge shape and bridge PCR amplification is applied. (5) Bridge amplification and the formation of
millions of copies or cluster formation. (6) Cluster sequencing is achieved through the process of cyclic reversible
termination method. Finally, the resulting reads (tens of millions) are analyzed and the DNA sequence is
recoded.

Figure 4.
Applied biosystems (AB) SOLiD sequencing approach. (1) Preparation of DNA library from the sample and
ligation of specific adaptor and the beads are then covered with the sequences complementary to one of the
adapter sequences. (2) The adapter sequences will then bind to its complementary sequences on the beads. (3)
The hybridization process resulted in the attachment of millions of DNA sequences to the bead. (4) Removal of
the unloaded beads and selection of the loaded beads. (5) An interrogation probe contains six universal bases
and two-base encoded probe. The universal bases are attached to the fluorescent label. (6) When an integrated
probe is ligated with primers using DNA ligase, fluorescent light is generated and detected. This process is
repeated several times till the targeted DNA is completely sequenced.

two next-generation sequencing technologies, Illumina, and 454 pyrosequencing.
AB SOLiD platform relies on sequencing-by-oligo-ligation (SBL) (Figure 4),
whereas others rely on sequencing-by-synthesis (SBS) [33]. In SOLiD sequencer,
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the DNA library is prepared from the sample, and specific adaptor is then amplified
by emPCR [34]. Instead of utilizing DNA polymerase, short nucleotides marked
by DNA ligase known as interrogation probes are used. The interrogation probe
contains six universal bases and two-base encoded probe. The universal bases are
attached to the fluorescent label. When an integrated probe is ligated with primers using DNA ligase, fluorescent light is generated and detected. After the 5′ end
that is linked to the fluorescent label by cleavable linkage is cleaved and removed,
thereby the next interrogation probe is connected. This process is repeated several
times until the targeted DNA is completely sequenced. In fact, the read length
of SOLiD is short about 85 bp leading to inaccurate read assembly as it requires
more time for sequencing but it has the highest accuracy among other NGS [35].
Application of SOLiD includes whole genome sequencing, targeted sequencing,
transcriptome, and epigenome [35].
2.2.1.4 Ion torrent sequencing
Ion Torrent has been launched in 2010 by Life Technology. Some authors have
classified the Ion Torrent platform as a technique between the next-generation and
the third-generation sequencing. This could be attributed to the dependence of this
approach on optical sensors. However, it relies on chemical sensors that detect the
hydrogen-ion concentration change that occurred during the incorporation of a
nucleotide in the sequence [21]. Ion Torrent sequencing quality is high and stable
due to the utilizing of a chemical sensor instead of fluorescence and camera. In
addition, the Ion Torrent approach is characterized by its high speed and low cost
compared with pyrosequencing and Illumina [35].
2.2.2 Third-generation sequencing
The major limitations of NGS are that the short-read length and the PCR bias are
introduced by clonal amplification and the fluorescent-based signaling detection
[21]. Therefore, the third-generation sequencing or single-molecule-sequencing
technologies (SMS) overcome these limitations by dispensing PCR before sequencing, and the signal is captured in real time by monitoring the enzymatic reaction
[36, 21]. The following sections discuss some TGS platforms.
2.2.2.1 Helicos biosciences (HeliScope)
The first single-molecule-sequencing (SMS) that has been introduced in 2008
is HeliScope. It is a fluorescent-based, single-molecule-sequencing platform. In
HeliScope platform, the preparation step depends on preparing a single-strand
DNA, and there is no need for PCR amplification in the preparation step. During
sequencing, repetitive cycles of DNA polymerase and one labeled nucleotide are
flowed, resulting in DNA template extension which depends on the flow of nucleotides. The labeled nucleotides are modified by attaching a poly-A tail in order to stop
polymerase extension until the fluorescence that generates from the incorporated
nucleotide is recorded by a CCD camera. Then unincorporated nucleotides are
washed out and the fluorescent labels on the strand chemically removed, allowing
for next base incorporation [37, 38]. HeliScope Genetic Analysis System platform allows the sequencing of RNA, and there is no need for converting them to
cDNA. Furthermore, HeliScope Genetic Analysis System platform is in its infancy
due to small read length (24–70 bases) and low data output (20 GB) [39].
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2.2.2.2 PacBio technology/SMRT sequencer
Pacific Bioscience has launched a single-molecule real-time (SMRT) technology in 2010. It is a real-time, fluorescent-based, and single-molecule-sequencing
platform. In SMRT, there is no need for PCR amplification during DNA preparation
[36]. In this platform, a nanostructure known as zero-mode waveguide (ZMW)
is utilized for real-time observation of DNA synthesis. During the sequencing
process, a single-stranded template is used to synthesize the complementary.
Unlike other NGS platforms, four different colored fluorescent labels are attached
to the terminal phosphate group instead of attaching to a nucleotide, resulting in
the release of a fluorescent signal during nucleotide incorporation [40]. Then the
camera captures the fluorescent signal in real time (like a movie) [41]. In SMRT,
the washing step between nucleotide flows is not required, resulting in increasing
the nucleotide incorporation and improving the quality of sequencing [42]. SMRT
has several advantages including fast sample preparation (hours instead of days like
NGS), no need for PCR amplification during the preparation step, and longer-read
length than any other next-generation sequencing platform [42].
2.2.2.3 Oxford Nanopore technology
Nanopore sequencing, developed by Oxford Nanopore Technology, relies
on passing the DNA sequence through 1 nm diameter hole (nanopore) where
electric current is applied. The electrical current of the pore is altered for each
nucleotide, and signal is detected in real time [39]. Like other third-generation
sequencing approaches, this technology does not require PCR amplification or
chemical labeling of the sample [43]. In May 2015, Oxford Nanopore Technologies
has introduced commercially the MinION. The MinION is a pocket-size portable,
real-time detection of bases (fluorescent tag-free), has long-read length, and is a
low-cost technology [44, 41, 45]. Interestingly, by utilizing this technology, samples
can be sequenced in the field directly, instead of collecting samples and sequencing
them in the lab, which means nanopore sequencing will make all other sequencing
machines redundant [46, 44].
2.3 Metagenomic data analysis
Several bioinformatic tools were developed to analyze the metagenomic data
at the molecular level (e.g., 16S rRNA), species level, and strain level. 16S rRNA
sequence strategy is among the most common approaches to understand microbial
taxonomy and phylogeny. This could be attributed to the stable functions of 16S
rRNA gene over time, the existence of 16S rRNA in nearly all microorganisms, and
its size which is enough for bioinformatics analysis [47, 48]. A number of bioinformatics tools are available for the analysis of 16S rRNA: QIIME, MOTHUR, DADA2,
UPARSE, and minimum entropy decomposition (MED) [49]. The QIIME software
is designed to analyze data generated on the Illumina or other NGS platforms via
graphics and statistics. This involves the demultiplexing and quality filtering, OTU
picking, taxonomic assignment, and phylogenetic reconstruction, and diversity
analyses and visualizations [50, 51]. QIIME depends on the use of the PyCogent
toolkit to identify misinterpretations and database deposition using raw sequencing
results [51]. Operational taxonomic units (OTUs) can be generated from NGS data
by UPARSE [52]. The UPARSE software acts by filtering and trimming reads into
equals lengths, removing singleton reads and clustering the remaining reads [52].
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Community sequence data can be analyzed by a flexible and comprehensive
software package called MOTHUR. The MOTHUR package includes the following
algorithms: DOTUR, SONS, TreeClimber, LIBSHUFF, Ð-LIBSHUFF, and UniFrac
[50]. DADA2 is a suitable approach for correcting amplicon errors with no option to
generate OTUs [53]. DADA2 uses a new quality-aware model of Illumina amplicon
errors to improve the DADA algorithm [53]. MED is applied to solve the limitations
of fine-scale resolution descriptions of microbial communities [54]. MED acts
through partitioning the data set of amplicon sequences into homogenous OTUs for
alpha- and beta-diversity analyses [54].
For species-level metagenomic data analysis, there are at least six metagenomic
analysis software including MetaPhlAn2 [55], Kraken [56], CLARK [57], FOCUS
[58], SUPERFOCUS [59], and MG-RAST [60]. All of these software programs can
be used to profile organisms in metagenomic samples and to score their abundance.
MetaPhlAn2 applies Bowtie2 and UCLUST [52, 61] as its main algorithms, whereas
k-mers (DNA words of length k) is the core algorithm for Kraken and CLARK. On
the other hand, FOCUS uses the NNLS (nonnegative least squares) to identify the
microbial profile [49].

3. Conclusion
At the beginning, the metagenomic workflow was complicated that it requires
many steps, sophisticated equipment, and qualified technicians to perform.
Likewise, it was very expensive that not all scientists or laboratories were able to
afford its cost. However, nowadays, due to the presence of many different competing companies and laboratories that led to the development of more efficient
sequencing approaches, the metagenomic workflow became easier. It is easy now
to study and identify organisms directly from their habitats without prior preparations. In terms of cost, NGS is also much cheaper, and with the appearance of thirdgeneration sequencing approaches, it is not required to conduct sample sequencing.
Surprisingly, sequencing can be carried out in the field by utilizing a pocket-size
portable sequencer. The advancements in the field of metagenomics are amazing,
and it became easier, cheaper, and faster.
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Abstract
Through millions of years, the multicellular organisms have coexisted and
coevolved with the surrounding microorganisms, in an almost symbiotic relationship forming a complex entity known as holobiont. The composition and functions
of these microbial communities were limited during many years to only a mere
fraction, due to the use of culture-based techniques. The advent of molecular-based
techniques allowed the identification of uncultured organisms in a culture-free
manner. In recent years, the development of next generation sequencing techniques
have allowed the high-throughput study of microbial communities allowing the
identification and classification of otherwise uncultured microorganisms in a given
environment, tissue or host through metagenomics. The next generation sequencing
techniques have been used in the functional study of microbial assemblages and
were able to identify the role of the microorganisms in biogeochemical cycles, pathogenic processes, metabolism and development, through metatranscriptomics. Taken
together, the next generation sequencing based-studies have shown the existence of
a complex metabolic network in different hosts and environments, with the microbial communities. This chapter will focus in different available bioinformatic tools
that are suitable to study symbiosis and coevolution processes in a given sample.
Keywords: next generation sequencing, bioinformatics, metagenomics,
metatranscriptomics, network analysis

1. Introduction
Higher multicellular organisms have coexisted and co-evolved with resident
microorganisms in a relatively harmonious relationship over millions of years,
forming a complex organism called holobiont. These processes of co-evolution
have been documented by several studies carried out in the organization and
composition of host microorganisms (microbiome) in different species [1–4]. The
microbiome is currently considered a functional organ which is fundamental for the
host organism, given that studies have shown that this organ is highly dynamic and
adaptable, likewise plays an important role in physiological adaptation processes,
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metabolism, and development [1, 2, 4–6]. The study of the role of the microbiome
for years was limited to those organisms that could be susceptible to culture, the use
of techniques based on molecular information (AFLP and RFLP) and denaturing
gradient gel electrophoresis (DGGE) could reveal the presence of some species not
cultured, but the gel resolution was being the main limitation since a single band
could contain more than one sequence [7]. The development of genomic tools such
as the new generation sequencing platforms (NGS) has allowed a better resolution
of the diversity present in a given sample through what is known as metagenomics
[2, 7–10]. These same sequencing platforms have allowed not only observing the
diversity of a host or environment, but also the functional role of microorganisms
as well as their possible interactions with physiological processes or biogeochemical
cycles through metatranscriptomics [1, 2, 4, 9]. The understanding of the composition of microorganisms, functions, interactions, and other biological processes
through NGS has been done through the development of different bioinformatics
tools, which make use of large amounts of information and are able to compare
them through different data bases [3, 9, 11]. The objective of this chapter is to
provide information on the different existing bioinformatics tools that have been
used in studies of co-evolution and symbiosis in different models.

2. Bioinformatic tools in metagenomics and metatranscriptomics in
different samples
The first step of a NGS-based study involves the extraction of nucleic acids in
sufficient quantity and quality to carry out the sequencing process in order to have
an unbiased knowledge of the microbial diversity present in a sample [6, 12, 13].
The processing of DNA samples (environmental and host) can be performed by
cell recovery by centrifugation gradients in differential media and the subsequent
recovery of DNA by silica columns [6]. Another methodology used is the in situ
lysis of the sample by the addition of enzymes (Proteinase K and lysozyme) with
the subsequent separation of cell debris by centrifugation and recovery of DNA by
solvent precipitation or by silica adsorption [14]. The main advantage of in situ lysis
is that higher amounts of DNA are obtained when compared to cell recovery techniques; however, there is a risk of the presence of contaminants that may interfere
with sequencing reactions [6].
In the case of RNA, the main methodologies perform in situ lysis of the sample
under RNase-free conditions using different guanidine solvents and salts to avoid
the presence of ribonucleases [15]. The samples should be placed at −80°C either in
dry ice or liquid nitrogen to avoid their degradation.
Quality control of nucleic acids can be carried out by visualization on agarose
gels, by spectrophotometric means (Nanodrop) and in microfluidic chambers
(Bioanalyzers). This last system has been widely used since it allows the visualization and simultaneous quantification of nucleic acids [8, 16–18]. In the case of
RNA, these systems have developed a scale known as RNA Integrity Number (RIN)
which, based on the proportion between the major and minor subunits of the rRNA
assigns a minimum value that must be greater than 8.0.
2.1 NGS shared tools for metagenomics and metatranscriptomics
Once a sample with sufficient quality and quantity was sent to sequencing, a
series of files with the “.fastq” extension are obtained, which contains the information of the sequence and the quality for each base. This format is used by different programs (FASTQC and PRINSEQ ) to perform the quality control of the
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sequencing, showing basic statistics such as the total number of bases, read size, GC
content, quality for each base in PHRED33 or PHRED64 scale, as well as the presence of overrepresented sequences [8, 19–23]. The files analyzed are introduced to
different programs (Trimmomatic, TrimGalore, and CutAdapt) that trims the reads
of the “.fastq” file, based on the quality for each nucleotide, eliminating sequences
with a PHRED value below 20 and a minimum fragment size defined by the user
[19, 20, 22, 24].
These programs are able to eliminate segments of initiators and sequencing
adapters, which must be provided in a separate file. The output files of these programs are archives in “.fastq” format, where the sequences that are common for all
samples are placed in one file, and the unique sequences for each individual sample
are placed in several files [19, 20].
2.2 Metagenomic tools used in symbiosis and co-evolution studies
In recent years, the use of genomic approaches has revealed an unprecedented
diversity and bacterial ubiquity in different types of samples (Figure 1), through
the analysis of 16S ribosomal sequences [1, 2, 5, 6, 18, 19, 22, 25–27]. These techniques have allowed the molecular analysis of populations and how different
biological processes have been established, controlled, and evolved [5, 28, 29].
The metagenomic composition analyzes have been carried out through the use of
different programs (QIIME, QIIME2, and MOTHUR), that align the reads against a
database of ribosomal genes (GreenGenes, SILVA, and RDP) and assign them operational taxonomic units (OTUs), using a distance of 3% and a confidence interval
of 80% [29–33]. Once the OTUs have been assigned, the aforementioned programs
allow the determination of diversity indices, richness, and main component analysis
and perform the rarefaction of the samples [1, 2, 5, 19, 25, 29–32, 34, 35].
Other taxonomic classifiers are based on alignment of short sequences previously edited, by single or paired ends (Kraken, Kraken2, OneCodex) comparing
them with the databases available in each program. In the case of Kraken, it makes

Figure 1.
Genomic and metagenomic techniques for the analysis in different samples.
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use of the Ref-Seq database where the reads are divided into fragments known as
k-mers and are compared with sequenced genomes [34, 36]. The resulting files of
these programs are provided in tabular format (tsv), which facilitates their export
and processing in other types of programs such as Vegan or R, where studies of
richness, diversity, and rarefaction can be carried out [12, 34, 35, 37, 38].
The use of different taxonomic binning programs has been able to determine
the presence of ubiquitous microbial phyla present in samples from arctic, temperate, and tropical environments such as: Proteobacteria, Actinobacteria, and
Cyanobacteria, which are considered cosmopolite phyla. The main difference
between each site is the proportion of each taxa, which reflects the conditions
of each environment [6, 8–10, 39–41]. A similar behavior has been observed
when studying the microbiome in different animal models where the phyla:
Proteobacteria, Acitnobacteria, Firmicutes, and Bacteroidetes have been reported
among those of greater relative abundance [4, 9, 39, 42–46]. This shows that
microbial communities are highly dynamic where the physical-chemical factors of
the site, health status, and nutrition shape the metagenome and can determine how
reactive a microbial community is to environmental changes.
The use of genomic tools has made possible to identify the core microbiome of
different organisms, given that, despite living in different habitats, they share similar
bacterial communities, which implies the existence of biological filters that shape the
bacterium-host interactions, resulting in a stable relationship with the holobiont [2, 28,
45–47]. In the case of Apis mellifera, a global core microbiome formed by Proteobacteria,
Firmicutes, Bacteroidetes, and Actinobacteria has been identified, together with a high
amount of lactic acid bacteria which have a beneficial activity in the health of the host
organism due to their involvement in the immunomodulation of the intestinal microflora [25, 39, 48]. The presence of symbiont microorganisms within the intestinal tract
in different animal species (A. mellifera, Litopenaeus vannamei, Mus musculus, Homo
sapiens) have been reported as necessary for survival, since their cooperative behavior
increases the vigor of a community [28, 39, 47, 49, 50]. Recent studies in fecal samples
of farm animals have revealed the presence of intervening sequences (IVS), which are
host-specific and provide a basis for the differentiation of the microorganisms derived
from different hosts [51].
The role of microbial communities within a host is important. Given the existing
delicate balance of these associations, any type of alterations in the microbiome
composition could cause disease in the host organism [6, 12, 39, 45]. Previous
studies have revealed that in diseased individuals of different species, the microbial
diversity is significantly reduced. This could be due to the fact that alterations in the
microbiome composition skew the association between the host and the microbiome producing dysbiosis and increasing the number of opportunistic pathogens [6,
12, 13, 16, 27, 39, 45, 52]. In marine environments, the continual presence of pathogens has been observed in environmental samples [16, 44] and in several marine
organisms (L. vannamei and M. nipponense) [17, 18, 39, 45, 46]. The continual
presence of pathogens in low proportion has been reported during the life cycle of
these species, suggesting an active in situ infection in which the host has co-evolved
with the parasitic organisms and developed mechanisms that cope with the pathogenic mechanisms of the parasites [13, 16, 17, 27, 45, 46, 52]. It has been observed
that the developmental stage in L. vannamei influences the pathogenic response
to Vibrio, where the proportion of protective commensal bacteria, Bacteroides and
Propionibacterium, tend to decrease as the host aged in contrast the presence of
Vibrio increases in diseased individuals [18]. Other mechanisms of coevolution have
shown that processes of parasitism and predation can influence the global exchange
of resources in an ecosystem. Studies conducted in Escherichia coli and the bacterial
predator Myxococcus xanthus have shown that the genome evolution of the predator
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and prey exhibited accelerated genome evolution when compared to controls,
where the predator (M. xanthus) showed adaptations to cell mucoidy and the prey
(E. coli) showed adaptations to outer membrane-proteases [7].
The functional analysis of the microbial communities has been carried out using
the PICRUST program. This program estimates the families of genes present in a
metagenome, by the phylogenetic comparison with sequences of gene families previously reported in databases. These predictions are pre-calculated for genes that code
for proteins present in orthologous gene families (COG) or in the Kyoto Encyclopedia
of Genes and Genomes (KEEG) [53]. The differential expression of these predicted
functions could be assessed with the STAMP software which allows several statistical
analysis, size effect, and sample corrections [54]. The use of the afore mentioned
protocols have allowed the observation of various attributes in environmental
samples related with carbon fixation, amino acid metabolism, and signal transduction in lakes, swamps, and other water bodies [9, 10, 16, 22, 44, 55]. These reports also
showed the presence of several bacterial taxa (Actinobacteria, Verrucomicrobia, and
Proteobacteria) who were able to synthesize several extracellular enzymes that digests
the organic matter [9, 16, 24] or mineralize other nutrients [22, 44].
The influence of the microbiome on the host function have been proposed as a
co-evolutionary process where the functionality and the composition of the microbiome can be influenced by the feeding habits of the host [4, 21], and the host can
take advantage of the specialized microorganisms who are able to synthesize metabolites that are not present originally in the environment [6, 39]. The consumption
of seaweeds by Japanese allows the introduction of algae associated bacteria, which
transfer the genes involved in the degradation of the algal sulphated polysaccharides
to competent gut resident bacteria with a process known as horizontal gene transfer
[28]. Certain marine invertebrates (Elysia chlorotica) that feed on algae are able to
maintain the algal plastids as photosynthetically symbionts which allow the use of
photosynthates as food source [26]. These examples of coevolutionary processes
show how the functionality of the microbiome could be influenced by the dietary
habits of the host since; these metabolic add-ons allow the host to thrive in otherwise adverse environmental conditions (oligotrophic habitats).
2.3 Metatranscriptomic tools used in symbiosis and co-evolution studies
The metatranscriptomic allows the establishment of parallel relations between
the host and the microbiome, but studies require a series of previous steps in order
to obtain unbiased information such as the removal of rRNA and the microbial
mRNA enrichment (Figure 2) [17, 19–21, 56].
The assembly of genomes and transcriptomes uses short sequences that are
separated into fragments known as k-mers, which are aligned and compared graphically (De Brujin graphs) in order to perform de novo reconstruction of the genome
or transcriptome. Several programs such as Velvet, SOAP, Trinity, and FLASH are
capable of performing it by using a reference genome or transcriptome, if available
[8, 57–63]. In the case of the Trinity platform, it is capable not only of assembling
but also of mapping within the assembly (Bowtie1 and Bowtie2), basic statistical
analysis of the assembly, quantifying transcripts (RSEM, Salmon, eXpress, and
Kallisto), and performing differential expression of transcripts (edgeR, DESeq2,
ROTS, and lima/voom) [8].
The metatranscriptomic studies have allowed to reveal the functions of the
microorganisms within a host or in different environments and to identify, in both
host and microbiome, transcripts related mainly to metabolic processes associated
with the nutrient uptake. These observations suggest that the symbiotic chemoautotrophic bacteria provide organic compounds to the host organism that uses it for
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Figure 2.
Transcriptomic and metatranscriptomic techniques for the analysis in different samples.

its nutrition [11, 20, 45, 64]. In fact, recent studies have reported that more than a
third of genes are shared among living organisms, especially to those related to the
central metabolic pathways (Glucolysis, TCA, Oxidative phosphorylation, Purine
and Pyrimidine metabolism) which could increase the efficiency for the digestion
of several biomolecules [11, 17, 26, 45].
The use of bioinformatic tools in metatranscriptomics studies has allowed the
visualization of the host-microbiome interactions, especially those related with the
primary metabolism [13, 38, 52]. The visualization of the shared enzymatic modules
is accomplished through the use of identifiers derived from KEGG orthology (KO)
and Enzyme Codes (EC) on the iPath3 platform [65]. In this platform, it is possible
to overlap metabolic functions (host-symbiont) using the EC and KO identifiers
in different metabolic maps (general metabolic pathways, bacterial metabolism,
and secondary metabolism), showing graphically the enzymatic modules of each
individual and highlighting the enzymatic modules with a shared function.
Metatranscriptomic studies have been able to show that microorganisms are
capable of generating complex trophic networks communicating with each other
through chemical signals in a process known as quorum sensing [12, 26, 56];
however, this process is not restricted only to microorganisms; recent studies have
suggested an interdominion quorum sensing [4, 17, 21].
2.4 Metaservers used in the metagenomic and metatranscriptomics studies
The bioinformatic tools mentioned in this chapter are open-source programs,
requiring the user to have a UNIX or OSx operating system installed; a RAM
memory greater than 16 GB, a hard disk greater than 500 GB of storage and knowledge about command lines in UNIX [16, 19, 20, 22, 24, 30–32, 35, 46, 48, 51]. These
requirements can be complicated for those who want to initiate a bionformatic
analysis; however, there are other options, such as the metaservers, which can allow
the data processing in a graphical environment.
The metaservers are web service providers that assemble a series of programs
and applications that otherwise are dispersed. Among the most used metaservers
are Galaxy, TRUFA, and MG-RAST [22, 24, 34].
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Galaxy: it is a collaborative initiative that provides a free set of tools and
bioinformatics programs ranging from quality control of sequences (FASTQC),
sequence editors, data grouping tools, tools for assembly (Trinity), sequence
mapping (Bowtie), transcript quantification (Salmon and Kallisto), and metagenomic analysis programs (Mothur, Vegan, Kraken, and Krona) [34]. Being an
open initiative, Galaxy presents a series of servers that offer different programs
such as the functional prediction of a metagenome by PICRUST (Langille Lab and
Huttentowe Lab) and servers dedicated to the functional annotation of transcriptomes (ANASTASIA).
TRUFA: Transcriptome User-Friendly Analysis [22], a program developed by
the Institute of Physics of Cantabria, is a free server and contains several programs
exclusively for transcriptomic (metatranscriptomic) analysis ranging from quality
control (FASTQC and PRINSEQ ), edited of sequences (CutAdapt), assembly of
sequences (Trinity), quantification of transcripts (RSEM and eXpress) and functional annotation (BLAST2GO and HMMER). The files can be edited beforehand,
and certain modules of the platform can be accessed, such as the functional annotation in case of already assembled sequences.
MG-RAST: Metagenomic Rapid Annotation-based on Subsystems Technology
[24] is an open platform capable of analyzing sequences from different NGS
platforms (Illumina, PacBio, and Nanopore). Unlike the aforementioned servers,
MG-RAST has a pipeline that includes the quality control of the sequences, removal
of adapters, detection of isoforms of transcripts, taxonomic comparison, and
functional assignment. This server has several databases where the results can be
analyzed regarding function (SEED, KEEG, COG, and NOG) and taxonomy (ITS,
SILVA, RDP, and GreenGenes). It also has tools to export the data in tabular format,
fasta, or in the form of BIOM type matrix.
BLAST2GO: it is a sequence annotator that is able to perform searches in the
NCBI, which in its basic version has the BLAST algorithms to add taxonomic filters
in order to accelerate the annotation. It also allows searches of Interprotein domains
(InterProScan), allows the classification of proteins based on the Gene Orthology
(GO) database, interaction maps between each GO term, function enrichment
analysis (Fisher Exact Test) and the analysis of the metabolic modules present in the
KEGG. The PRO version of this program allows making several annotations at the
same time, using CLOUD-BLAST services and performing other types of analysis
such as the differential expression of transcripts [37].

3. Conclusions
The study of how microbial communities contribute to environmental functions and the physiology of the host was limited to cultivable microorganisms. As,
the free culture techniques based on molecular markers developed (AFLP, RFLP,
and DGGE), this knowledge expanded. However, the knowledge obtained from
these was quite limited. But now with the techniques of massive sequencing, it has
been possible to obtain a better understanding of the role of microorganisms in different types of environments and hosts, both from the taxonomic and functional
point of view.
The use of bioinformatic programs has allowed not only the reconstruction of
the molecular phylogeny but also has allowed them to be studied from the functional point of view, showing the great potential for the future biotechnological
exploitation of this microbial metabolic diversity such as enzymes with different
catalytic activities from uncultivable organisms. Several combined methodologies
that uses NGS techniques along with culture-based methods have been used to
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obtain new bacterial strains using specific culture media or through the functional
screening using specific primers in order to isolate the genes of interest.
Current research is now been carried out in order to obtain more precise metagenomic and metatranscriptomic assemblages, with new software specially designed
(MetaVelvet, TriMetAss, and MetaAmos) to obtain complete genomes and transcriptomes of the bacterial communities. These protocols along with the integration
of other “omic” techniques and systems biology could allow a better understanding
of the complex metabolic and trophic networks that operates in an organism or
environment.
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Chapter 5

Metagenomics-Based Phylogeny
and Phylogenomic
Ayixon Sánchez-Reyes and Jorge Luis Folch-Mallol

Abstract
Phylogenetic relationships among microbial taxa in natural environments
provide key insights into the mechanisms that shape community structure and
functions. In this chapter, we address the current methodologies to carry out
community structure profiling, using single-copy markers and the small subunit of the rRNA gene to measure phylogenetic diversity from next-generation
sequencing data. Furthermore, the huge amount of data from metagenomics
studies across the world has allowed us to assemble thousands of draft genomes,
making necessary the comparison of whole genomes composites through phylogenomic approximations. Several computational tools are available to carry
out these analyses with considerable success; we present a compendium of those
open source tools, easy to use and with modest hardware requirements, with
the aim that they can be applied by biologists non-specialists to study microbial
diversity in a phylogenetic context.
Keywords: metagenomics profiling, phylogenetic diversity,
phylogenetic metadata representation

1. Introduction
Next-generation sequencing technologies have transformed our perception of
diversity and microbial distribution in natural ecosystems and have contributed
substantially to the discovery of totally new microbial landscapes in such distinctive
environments as the gut of mammals, the vegetal rhizosphere, vascular tissues of
higher plants, and even in volcanic lakes [1–3]. There are two general approaches
to profile microbial communities through next-generation sequencing techniques:
shotgun sequencing of total DNA isolated directly from the environment and
sequencing of variable regions coming from SSU-rRNA genes (we know these
approaches as metagenomics methods since all involve the culture-independent
genomic analysis of microbiomes on a particular environment [4, 5]). Both
approaches have been widely used to trace microbial diversity at increasingly
fine taxonomic levels, either by capturing a representative fraction of the total
gene content or by amplicon sequencing techniques like the popular bacterial 16S
rRNA. Each method has advantages and disadvantages, and the selection depends
on several factors like taxonomic level resolution, cost, sensitivity, and primer
bias, among others. One of the challenges associated with metagenomics methods
is the analysis of massively generated data. Both the sequencing of amplicons and
environmental DNA produces millions of short DNA sequences (reads), which
must undergo preprocessing and quality control, before they can be used to extract
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biologically useful information from them. One of the goals of massively sequencing data analysis is to obtain the patterns of phylogenetic diversity in ecological
communities, an important trait in order to assess the classic ecological questions
“Who is there?” or “What they are doing?” and provide better understandings into
the phylogenetic relationships among microbial community taxa. Extracting phylogenetic information from massive sequencing reads is not a trivial task; however,
it can be achieved with reasonable success by using several profiling tools adapted
both to the analysis of amplicons of ribosomal genes and to the conserved genes
between different domains [6, 7]. The microbial community structure has been
approached mostly using the 16S SSU-rRNA gene as phylogenetic marker, mainly
due to lower sequencing costs and an acceptable relation of specificity-resolution in
taxonomic assignments [8], while methods that use single-copy markers obtained
from shotgun sequencing reads or assembled samples are gaining relevance because
they have demonstrated strain-level resolution [9, 10], a really hard issue when
analyzing complex microbiomes.
To date, several computational tools have been developed to carry out community profiling and phylogenetic inferences from next-generation sequencing data
with considerable success. In this chapter we present a compendium of open-source
tools and easy-to-use with modest hardware requirements, with the aim that they
can be applied by biology non-specialists to study microbial diversity in a phylogenetic context. We show several practical examples explained step by step, in order
to provide to the reader, the replication using their own data.
We have selected tools for use on a local computer through the Unix command
line, and tools are available from dedicated servers, with easy access and intuitive use.
The examples described in the chapter were tested on a Dell Optiplex 7010 desktop,
6T6ZYV1 Series, Intel (R) Core (TM) i5-3550 CPU at 3.30 GHz, Memory 12 GiB.

2. Community structure profiling across microbial samples using
single-copy markers
With the advent of massive DNA sequencing technologies, several methods have
been developed to assign shotgun reads to microbial taxonomic categories. These
methods aim to perform a microbial community profiling that infers its relative
structure, and they are very important to understand how microbiomes work in
nature, their phylogenetic composition, and even their dynamics and evolutionary
history. The starting point for these analyzes is a set of reads obtained by massive
sequencing whose length is variable (as little as 50–75 bp up to >1000 bp) depending on the platform used (Illumina, Ion Torrent, PacBio RS). We can understand by
a read the sequence of bases from a single discrete molecule of DNA, obtained in
a massively parallel manner [11]. However, currently most metagenomics studies
use a range of a short-read sequencing instruments between 100 and 600 bp in
order to maximize counting reads and lower costs. These short-reads contain the
genomic, phylogenetic, and functional information of the microbiome into millions
of discrete DNA fragments, which are sufficient to make a reliable estimate of the
phylogenetic diversity present in a microbial sample (Figure 1).
The taxonomic composition of a microbial community can be estimated from a
set of short-reads by assigning each read to the most likely microbial lineage [12].
Historically, a single gene target approach has been the gold standard for assigning taxonomy in the Prokaryote domain, through the 16S ribosomal RNA gene.
However, this presents important biases related to copy-number variations and
significant intraspecific differences ~6%. In this sense, both clade-specific and universal single-copy phylogenetic markers genes have gained popularity among the
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Figure 1.
General overview of metagenomics analysis in a microbial sample by next-generation sequencing: (1) isolation
of metagenomic DNA, (2) sequencing DNA library, (3) reads output text file, and (4) data analysis.

scientific community since they are not subject to intragenomic diversity, are rarely
subjects of horizontal transfer, and have proven robustness to delineate species
and prokaryotic strains in multiple studies, because several genes can be combined
to reconstruct phylogenies [13, 14]. Although each method selects its own set of
clade-specific or universal markers, most of these genes encode proteins with functional relevance in housekeeping metabolism (Table 1). To make the analysis, the
coding nucleotide sequences are generally used as they offer better resolution than
amino acid sequences in closely related organisms [16]. This simplifies the computational analysis as the short-reads could be compared unambiguously without the
need to translate them into proteins, which could generate artifacts given the small
size of the reads.
One of the most popular tools for microbial profiling based on clade-specific
marker genes is the MetaPhlAn classifier [12, 17]. MetaPhlAn maps the experimental reads against a collection of 231 markers for species-level comparisons
and >115,000 markers for higher taxonomic levels. Among the advantages of this
classifier is that no preprocessing is required, so raw data can be uploaded and analyzed. The main disadvantage for non-specialists is that MetaPhlAn works through
the command line in a Unix architecture.
2.1 Profiling a textile dye degrader microbiome with MetaPhlAn2
Next we described the steps performed for profiling a microbial community
capable of degrading the textile dye HC Blue no. 2. Also we show a graphical
representation of the profiling phylogenetic metadata. This general strategy can be
applied to profile any microbial community from short-reads obtained by massive
sequencing. Symbol convention: Comments (#); executable commands ($). The
raw data are available on [18].
You can find a complete MetaPhlAn guide on the author’s site: https://bitbucket.
org/biobakery/biobakery/wiki/metaphlan2.
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Clusters of orthologous groups of
proteins (COG)

Protein name

COG0048

Ribosomal protein S12

COG0049

Ribosomal protein S7

COG0052

Ribosomal protein S2

COG0080

Ribosomal protein L11

COG0081

Ribosomal protein L1

COG0085

DNA-directed RNA polymerase, beta subunit

COG0087

Ribosomal protein L3

COG0088

Ribosomal protein L4

COG0090

Ribosomal protein L2

COG0091

Ribosomal protein L22

COG0092

Ribosomal protein S3

COG0093

Ribosomal protein L14

COG0094

Ribosomal protein L5

COG0096

Ribosomal protein S8

COG0097

Ribosomal protein L6P/L9E

COG0098

Ribosomal protein S5

COG0099

Ribosomal protein S13

COG0100

Ribosomal protein S11

COG0102

Ribosomal protein L13

COG0103

Ribosomal protein S9

COG0124

Histidyl-tRNA synthetase

COG0172

Seryl-tRNA synthetase

COG0184

Ribosomal protein S15P/S13E

COG0185

Ribosomal protein S19

COG0186

Ribosomal protein S17

COG0197

Ribosomal protein L16/L10E

COG0200

Ribosomal protein L15

COG0201

Preprotein translocase subunit SecY

COG0202

DNA-directed RNA polymerase, alpha subunit/40 kD
subunit

COG0215

Cysteinyl-tRNA synthetase

Table 1.
Universal single-copy phylogenetic marker genes employed in metagenomics-based phylogenies for delineation
of prokaryotic species (modified from [15]).

# Installing MetaPhlAn2
# with an activated Bioconda channel in Linux, type the following command:
$ conda install metaphlan2
# this will install the software with all its dependencies
# Generate a taxonomic profile
# Type the following command:
$ python /path/to/metaphlan2.py /path/to/textile_microbiome.fastq.gz --input_type
fastq > textile_microbiome _profile.txt
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#Sample ID

Abundance MetaPHlAn2_analysis (%)

k__Bacteria

56.02708

k__Archaea

43.94783

k__Viruses

0.02509

k__Bacteria|p__Firmicutes

45.48396

k__Archaea|p__Euryarchaeota

43.94783

k__Bacteria|p__Proteobacteria

8.46518

k__Bacteria|p__Actinobacteria

2.07794

k__Viruses|p__Viruses_noname

0.02509

The taxonomic levels are: Kingdom, k; and Phylum, p. The table was trimmed to show only up to the phylum level; to
read complete report, see [7].

Table 2.
Features of the abundance table for a textile dye degrader microbiome profile.

# The output profile (called: textile_microbiome _profile.txt) contains the
computed clade's abundances (Table 2).
# Capture phylogenetic relatedness with GraPhlAn
# In order to visualize microbial abundances on a phylogeny we'll use GraPhlAn
tool [19].
# Installing GraPhlAn
# Type the following two commands:
$ brew tap biobakery/biobakery
$ brew install graphlan
# In order to know the installation directory type the following command:
$ which graphlan
# Input files
# Type the following commands sequentially:
$ python path/to/merge_metaphlan_tables.py *_profile.txt > merged_abundance_
table.txt
$ python path/to/export2graphlan.py --skip_rows 1,2 -i merged_abundance_table.
txt --tree merged_abundance.tree.txt --annotation merged_abundance.annot.txt
--most_abundant 100 --abundance_threshold 1 --least_biomarkers 10 --annotations 5,6 --external_annotations 7 --min_clade_size 1
# Create the phylogeny
# Type the following commands sequentially:
$ python path/to/graphlan_annotate.py --annot merged_abundance.annot.txt
merged_abundance.tree.txt merged_abundance.xml
$ python path/to/graphlan.py --dpi 300 merged_abundance.xml merged_abundance.
png --external_legends
Finally, you will obtain:
• a cladogram called: merged_abundance.png
• an annotation file called: merged_abundance_annot.png
• a legend file called: merged_abundance_legend.png
You can change the format of the final results to pdf, just modifying the name:
merged_abundance.png to merged_abundance.pdf in the last command. A representation of the annotated cladogram is shown in Figure 2. The size of the nodes correlates
with microbial community relative abundances.
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Figure 2.
Cladogram produced by GraPhlAn software with metadata from MetaPhlan community profiling to order
level. Taxon abundance is proportional to the circle diameter.

3. Phylogenetic diversity of microbial communities based on
16S rDNA gen
Estimating the taxonomic and phylogenetic diversity of a microbial community
is also possible through sequencing and analysis of small ribosomal RNA subunit
(16S rRNA) gene, whenever this sequence has been considered for a long time a stable marker, crucial in the microbial systematics of the last 30 years. 16S ribosomal
ribonucleic acid is a key component of the small subunit of prokaryotic ribosomes,
central player in the cellular biology of microorganism; it serves as a linker for the
process of translating genetic information to proteins [20]. Because DNA is much
easier to sequence than RNA, DNA segment coding for 16 rRNA is obtained for the
purposes of sequencing (Figure 3). This gene fragment meets several features that
have made it a “quasi-gold standard” for bacterial taxonomy:
• It is a ubiquitous gene in the Bacteria and Archaea domains.
• Within its ~1500 bp, it has discrete regions with enough variability to establish
a phylogenetic signal among phyla and even genus.
• It has conserved regions that allow the design of “universal primers,” a very
useful feature in massive sequencing.
• It has several databases enriched with sequences from almost all international projects where 16S sequences are obtained (Table 3). For
example, the 16S ribosomal RNA (Bacteria and Archaea) database from
the National Center for Biotechnology Information (NCBI) contains
near to 20,831 curated records and more than 17 million of total records
(consulted date: 2019/08/05: https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome).
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Figure 3.
Prokaryotic ribosome general representation and variable sequence regions used in microbial phylogenetic
diversity estimations.
Database
16S NCBI database

Available SSU
sequences

Current release

Citation/link

20831a

2019

[21]/https://blast.ncbi.nlm.nih.gov/

b

SILVA rRNA database

23629

2018

[22]/https://www.arb-silva.de

Ribosomal Database Project
(RDP)

16277

September 2016

[23]/https://rdp.cme.msu.edu

EzBioCloud 16S database

13132c

2019

[24]/https://www.ezbiocloud.net/

Genomic-based 16S
ribosomal RNA database
(GRD)

13202

2015

https://metasystems.riken.jp/grd/
download.html

a

Not redundant manually curated small (16S, SSU) subunit ribosomal RNA sequences.
The dataset contains 23,629 SSU sequences representing a single bacterial type strain up to June 2017.
c
Phylotypes with validly published names.
b

Table 3.
Most popular public databases for depositing and analyzing sequences of the 16S ribosomal gene.

3.1 16S community profiling by analysis of ribosomal amplicons
Microbial diversity is measured as a function that depends on the richness and
abundance of distinct taxons among any community [25]. Obtaining representative
DNA sequences from the entire community is essential to make valid inferences.
Profiling a microbial community through 16S gene analysis generally consists of
four steps (Figure 4). To date, several computational tools have been developed to
analyze microbial communities through the 16S gene marker; however, estimating
the total microbial diversity in any environment is a still a major challenge
[6, 26–28], influenced by several factors, among them we want to mention two:
(I) processing huge amounts of data moves within the limits of modern computing
and (II) the need for some expertise that can cost years of training. Fortunately,
many tools have been developed in recent years, aiming to make bioinformatics
platforms dedicated to this type of analysis more human-friendly, and there are
dedicated sites exclusively to deposit computational alternatives for almost all
needs, for example, https://github.com/.
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Figure 4.
General steps for profiling a microbial community through 16S gene analysis.

A good example of these multiplatforms to profile microbial communities is the
Microbiome Taxonomic Profiling (MTP) pipeline from EzBioCloud site (https://
www.ezbiocloud.net/contents/16smtp) [24]. Among its fundamental advantages
are: it is free, knowledge of Linux environment is not needed to carry out the
analyses, and several types of outputs such as functional profiles, taxonomic and
phylogenetic structure, as well as on-demand comparison with other published
microbiome data are fully available. New users of EzBioCloud will be required to
open a local server account (https://www.ezbiocloud.net/signup?from=addMTP);
after that you can upload up to 100,000 reads for sample and begin the analysis. We
list general steps to perform a profiling on the platform (Box 1).
The platform consists of a very intuitive and user-friendly presentation that
guides the beginner user at every stage of the analysis. The first step is the uploading
of the next-generation sequencing data (16S amplicon reads). After that, you can
request for the MTP pipeline, and the analysis starts. In a relatively short time, you
can access the result portal with the preprocessing results resumed in pre-filtered
reads (by removing low-quality and chimeric amplicons), statistics about read
lengths, and taxonomic read assignments at species level.
Other outputs in results portal are related with several diversity indices, taxonomic composition and hierarchy, and graphical implementations like Krona [29].
MTP implements seven different diversity indices; among them is the phylogenetic
diversity index, a measure of biodiversity that considers phylogenetic difference
between taxons and ponders several variables like taxonomic diversity and species
abundances or distributions.
3.2 Extracting 16S sequences from assembled data
In occasions, we do not have a set of DNA short-reads, but assembled composites
in contiguous regions of variable size. Such is the case of genomes assembled from
metagenomes or contigs from complex metagenomes. Inferring taxonomic diversity
from this type of data usually requires other strategies. One of the most useful
is to predict all the rRNA sequences contained in the assembly and cluster them
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Box 1.
16S-based microbiome taxonomic profiling pipeline used in EzBioCloud.

according to their identity (this implies making a list of nonredundant sequences) to
define operative taxonomic units. A simple way to address this problem is through
the use of Barrnap software [27]; it works through the Unix command line and has
the advantage of consuming few computational resources, so that several complex
microbiomes can be analyzed in a personal computer for extraction of rRNA
sequences. Barrnap gives us an output with all predicted sequences; this includes 5S,
16S, and 23S rRNA in the case of bacteria. The sequences can be saved on-demand in
a text file and subsequently analyzed by a third-party phylogenetic processing software to establish evolutionary relationships between taxa. A suitable platform for
this objective is SeaView [28], which contains sequence alignment and curing utilities, as well as a set of phylogenetic reconstruction methods, like PhyML, which uses
maximum likelihood algorithms and seven different evolutionary models. It is also
possible to use distance methods such as Neighbor Joining and BioNeighbor Joining,
both with seven different methods to calculate distances between sequences. The
platform is open access and has the advantage of being a graphical application that
works on Unix and Windows, as well as being very intuitive.

4. Open-source software for phylogenetic and phylogenomic surveys
Genome-based comparisons play an essential role in the current taxonomy and
phylogenetic of Bacteria and Archaea domains and eventually will replace the single
gene target approach ruled by 16S rRNA gene phylogeny. The exponential growth of
complete genomes and genome drafts with significant completeness values and low
contamination (<5%) in international databases has resulted in an approach to phylogenetic analysis where the whole information has become in a more conservative
75

Metagenomics - Basics, Methods and Applications

Software

Application

NGS data

License

Environment

Reference

MetaPhlAn

Microbial
community
profiling

Shotgun
sequencing data

Open
access

Unix command line

[17]

FOCUS

Taxonomic
profiling

Shotgun
unannotated
sequencing reads

Open
access

Unix command
line and Web
implementation

[30]

Kraken

Assigning
taxonomic labels to
metagenomic DNA
sequences

Shotgun
unannotated
sequencing reads

Open
access

Unix command line

[31]

GraPhlAn

Phylogenetic
analysis

Metadata from
short-read
community
profiling

Open
access

Unix command line

[19]

PICRUSt

Predictive
functional
profiling of
microbial
communities

16S amplicons

Open
access

Unix command line

[32]

QIIME

Taxonomic and
phylogenetic
profiling

16S amplicons

Open
access

Unix command
line and web
implementation

[28]

Mothur

Taxonomic and
phylogenetic
profiling

16S rRNA gene
sequences

Open
access

Unix command line

[6]

UBCG

Phylogenomic tree
reconstruction

Set of bacterial
genomes

Open
access

Unix command line

[33]

GToTree

A user-friendly
workflow for
phylogenomics

Set of bacterial
genomes

Open
access

Unix command line

[34]

PhylOTU

Identifies OTUs
from rRNA
sequence by
phylogenetic
profiles

PCR and
shotgun
sequenced SSUrRNA markers

freely
available

Unix command line

[35]

PhyloSift

Phylogenetic
analysis of
genomes and
metagenomes

Metagenomic
datasets
generated
by modern
sequencing
platforms

Freely
available

Unix command line

[36]

VITCOMIC2

Phylogenetic
representation
based on 16S rRNA
gene amplicons

16S amplicons

Freely

Web server

[37]

Barrnap

Very fast ribosomal
RNA prediction

Assemblies
from genomic
or metagenomic
data

Freely
available

Unix command line

[38]

SeaView

Multiplatform
for phylogenetic
inferences

DNA or protein
sequences

Freely
available

Unix and Windows
environments

[39]

Table 4.
Open-source software for metagenomics-based profiling and phylogenies.
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fingerprint of the taxonomic categories. The current challenges for science involve
improving existing methods for data acquisition and processing, since comparative
analysis, even among modest-sized microbial genomes, can be computationally
expensive. Here we present a list of those open-source tools and easy-to-use and
modest hardware requirements, with the aim that they can be applied by biologists
to study microbial diversity in a phylogenetic context (Table 4).

5. Conclusions
Profiling microbial communities from massive sequencing data constitutes a
breaking point in the understanding of population structure and dynamics, their
ecological functions and the complex relationships established between noncultivable microorganisms. Through technological developments such as nextgeneration sequencing and the developing of hundreds of open-access platforms,
we have been able to better understand the role of the microbial world in natural
ecosystems. This chapter intends to bring the use of computational biology tools to
professionals in biological sciences with different expertise, interested in the world
of metagenomics analysis. We have started with the basics of microbial community
profiling through shotgun sequencing data and its processing using MetaPhlAn
software (the reader will notice that there are other tools perhaps more appropriate to their conditions, an interesting option is the FOCUS software that works
through a Web server). MetaPhlAn has the advantage of being fully integrated with
the GraPhlan phylogenetic reconstruction tools. We dedicate a complete section to
the 16S gene-based communities profiling; we illustrate the EzBioCloud platform,
a useful tool to obtain ecological and phylogenetic information of microbiomes.
An alternative approach to process assembled data is the use of Barrnap software,
which is very fast and efficient to extract ribosomal sequences in assembled data,
which can be subsequently clustered and processed with phylogenetic construction
tools such as SeaView. Finally, we present a list of software that can serve as a guide
for the analysis of microbiomes from their taxonomic characterization to the study
of phylogenetic relationships between taxa.
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Chapter 6

Microbial Community Structure
and Metabolic Networks in Polar
Glaciers
Eva Garcia-Lopez, Ana Maria Moreno and Cristina Cid

Abstract
Polar glaciers are inhabited by numerous microorganisms including representatives of bacteria, archaea, microeukaryotes, and viruses. Low temperature is a
main factor when considering polar glaciers as extreme environments. However,
desiccation, low nutrients availability, ultraviolet irradiation, and photoreactive
chemistry do also significantly influence their challenging life. Glaciers are highly
selective and confined habitats, which make them favorable environments for
adaptation and speciation. Depending on the glacier area studied, microorganisms establish a vertical food chain, from the surface photosynthesizers in upper
illuminated layers to chemoautotrophs and heterotrophs confined to the inner
part. These regions are rich not only in biodiversity but also in new mechanisms
of adaptation to the environment, since selection acts with a particular intensity.
Glaciers are retreating in many areas of the world due to global warming. When
glaciers have ultimately withdrawn, microorganisms play a main role, carrying out
key processes in the development of soil and facilitating plant colonization. These
features make them unique and interesting for the study and protection of the
biological heritage. Metagenomics have allowed a deeper understanding of microbial ecology and function of polar glacier microbial communities. In this review,
we present a complete analysis of the microbial diversity in these ecosystems and
include a thorough overview of the metabolic potentials and biogeochemical cycles
in polar glacier habitats.
Keywords: polar glacier, metagenomics, diversity, community structure,
metabolic networks

1. Introduction
Polar glaciers have aroused great interest over the last year, and their study
has increased since they are sentinels of climate change. Although both poles are
extreme environments (in terms of low temperatures, high UV radiation, lack
of light in winter and permanent solar radiation in summer, scarce nutrients,
etc.), Arctic and Antarctic glaciers are very different. The North Pole is an ocean
surrounded by land, while the South Pole is a continent surrounded by water.
This distinction confers them very unique geographical and environmental
characteristics.
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Figure 1.
Polar maps and localization of the referenced glaciers. (1) Cascade Volcano Arc [4]; (2) Robertson Glacier,
Alberta [5]; (3) Western margin of the Greenland ice sheet [6]; (4) southwest part of the Greenland ice sheet
[7]; (5) North-Eastern Greenland [8]; (6) Islandic glaciers [11, 12]; (7) Hamiltonbukta, Svalbard [9]; (8) Ny
Ålesund, Svalbard [10]; (9) West Antarctic ice sheet [15]; (10) high Antarctic Plateau [13]; (11) Lake Vostok
[14] (map source: Google Earth Pro).

Metabolically active microbial communities have been identified in both the
Arctic [1] and Antarctic glaciers (Figure 1) [2]. These microbial communities
include bacteria, archaea, microeukaryotes, and viruses [3].
Arctic glaciers do not reach such distant latitudes or low temperatures as
Antarctic glaciers do. These are some of the reasons why they are being extremely
affected by global warming. There are glaciers around the entire Arctic Ocean,
but polar glaciers in North America [4, 5], Greenland [6–8], Svalbard [9, 10], and
Iceland [11, 12] (Figure 1) have been the most widely studied from a microbiological point of view. Antarctic glaciers present exceptional environmental conditions.
Being in higher latitudes allows the existence of very low temperatures and high
rates of solar radiation in summer. Some published reports on glacial and subglacial
microbiology refer to very extreme latitudes that reach −75°S in the high Antarctic
Plateau [13], −77°S in Lake Vostok [14], and −84°S in the West Antarctic ice sheet
[15] (Figure 1).
In the study of glacier microbiology, a variety of techniques have been traditionally
used, such as microscopy techniques [16], cell cultures, and isolation of microorganisms [17]. However, the most significant advance has been achieved with the application of metagenomics. This discipline has allowed both the knowledge of the microbial
communities’ structure and the comprehension of their metabolic potential.

2. Microbial community structure through reconstruction of microbial
genomes in polar glaciers
Glaciers have recently been considered authentic biomes [18]. It has been
observed that microbial community composition depends on the area of the glacier
studied [19]. In most of them, three well-defined and interconnected ecosystems
can be defined: supraglacial, englacial, and subglacial ecosystems. These ecosystems
are different in their solar radiation, water content, nutrient abundance, and redox
potential [20]. These factors influence in the abundance and diversity of microbial
populations inhabiting glaciers (Figure 2). They also affect the type of functionality and the biogeochemical cycles in these ecosystems.
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Figure 2.
Bacterial community structure in polar glacier ecosystems based on 16S and 18S rRNA gene sequences. Pie
charts represent relative abundances of bacteria, archaea, and eukarya for three glacier ecosystems: supraglacial,
englacial, and subglacial. The data are from [20, 11, 10, 4, 13, 8] for bacteria, from [11, 15, 5, 6, 14]
for archaea, and from [19, 7, 12, 14] for eukarya.

2.1 The supraglacial ecosystem
The supraglacial ecosystem is the one which has best been studied. It has been
reported that the main habitats in the supraglacial ecosystem are the snowpack,
cryoconite holes (vertical cylindrical melt holes in a glacier surface), supraglacial
streams, and moraines [20].
2.1.1 The glacial snow
The sunlit and oxygenated supraglacial surface is populated by autotrophic
microorganisms such as cyanobacteria, microalgae, and diatoms [21], by chemolithotrophic bacteria, which feed on inorganic sand particles, and by heterotrophic
bacteria and microeukaryotes [22] (Figure 2). The main bacterial classes that
have been described in this ecosystem are Betaproteobacteria, Actinobacteria, and
Bacteroidetes [11, 23]. The genus Polaromonas is one of the most abundant in the
supraglacial area of Arctic [9] and Antarctic glaciers [24].
Among microeukaryotes, snow is mainly populated by pigmented algae,
which have been observed in Arctic and Antarctic glaciers [25]. They belong
to several taxa, mainly Chlamydomonas, Chloromonas, Raphidonema, and
Chrysophyceae [11].
Fungi, especially basidiomycetous yeasts and Chytridiomycota, have been
reported in glacial snow and ice [26]. It is believed that they act as saprophytes
and parasites, yet their diversity and function in this ecosystem are poorly
known [25].
Archaea have also been identified in glacial snow and ice, although they
have not been found in all the studies that have been carried out. They belong to
Nitrososphaerales, which are known as important ammonia oxidizers [11].
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2.1.2 Ice surfaces
Under the recently fallen snow, there is a layer of hard ice. This layer arises to
the surface in the episodes of melting that occur during the polar summer. The ice
surface constitutes a distinct type of supraglacial microhabitat that is different from
cryoconite holes. It is mainly populated by microalgae (Zygnematophyceae) and by
cyanobacteria [17].
2.1.3 Cryoconite holes
Cryoconite holes are predominantly inhabited by cyanobacteria [27]. Filamentous
cyanobacteria such as Phormidesmis, Oscillatoria, Leptolyngbya, Phormidium, and
Nostoc play an important role in cryoconites [28]. They produce organic material and
extracellular polymeric substances (EPS), which act as cryo- and osmo-protectants
[27]. Additionally, bacteria of the class Actinobacteria (Microbacteriaceae and
Intrasporangiaceae) are also important members of cryoconite holes, followed by
Proteobacteria, Bacteroidetes, and Cyanobacteria. Archaea and eukarya are the least
abundant and the least representative members of this environment [10].
2.2 The englacial ecosystem
In englacial ecosystems, live motile bacteria can reach more than 3000 m of
depth. These bacteria reside in clay particles and ice channels. According to their
metabolism, they can be both chemoautotrophs (i.e., Streptomyces, Nocardia,
Bacillus) and heterotrophs (i.e., Proteobacteria, Actinobacteria) (Figure 2). The later
bacteria feed on solubilized organic products from pollen grains and from other
dead microorganisms. At great depth, anaerobic respiration takes place [29] and
methanogens (for instance, Firmicutes and Euryarchaeota) are also active [20].
2.3 The subglacial ecosystem
The subglacial ecosystem is dominated by aerobic and anaerobic bacteria in
basal bedrock and subglacial lakes. It does also contain diverse and metabolically
active archaeal, bacterial, and fungal species [25] (Figure 2).
Among bacteria, species with chemolithotrophic activity have been identified;
an example is Sideroxydans lithotrophicus, which is an iron sulfide oxidizer. Other
bacterial taxa found in this ecosystem are Thiobacillus and Thiomicrospira, both
associated with the sulfur and iron cycles [15].
Archaea in these anoxic environments are mainly represented by methanogenic
and methanotrophic species [25]. Methanogenesis, the production of methane
in an anaerobic process mediated exclusively by methanogenic archaea, is a very
plausible process in the subglacial ecosystem. In glacier samples from this environment, methanogenic archaea of the euryarchaeal orders Methanosarcinales [5] and
Methanomicrobiales have been detected [6].
Eukaryotes have only been found in some of the studied subglacial environments [19]. Among them, mainly fungi have been described [26]. Basidiomycetes
predominate, among which Cryptococcus and Rhodotorula are the dominant genera.

3. Metabolic potentials and biogeochemical cycles in polar glaciers
through reconstruction of microbial metagenomes
Living in such extreme environments implies coping with low temperatures,
desiccation, low nutrients availability, and ultraviolet irradiation [30]. Over the last
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years, metagenomics have allowed a great understanding of metabolic potentials
and biogeochemical cycles in polar glaciers through reconstruction of microbial
genomes (Figure 3).
Regarding the supraglacial ecosystem, metagenomic studies have demonstrated
the wide diversity of functions in cryoconite holes, with a range of metabolic
pathways which depend on their competence to acquire and degrade available nutrients [10]. Functional analyses highlighted the importance of stress responses and
efficient carbon and nutrient recycling.
Metagenomic techniques have also been used to identify algal communities in
the supraglacial ecosystem and their relationship with geochemical factors [12].
The potential of archaea as important ammonia oxidizers has been another finding achieved by metagenomics [11].
Little is known about the metabolic potential and the biogeochemical cycles of
microbial communities inhabiting the englacial ecosystem. It has been reported
that microorganisms enclosed in the englacial ice present very low metabolic
rates, using energy only to repair damaged biomolecules and not to grow and
reproduce [31].
In the subglacial ecosystem, some metagenomics data implied that the most
abundant and active component were bacteria within the order Methylococcales
[6]. Transcripts of the particulate methane monooxygenase from these taxa were
detected, demonstrating that methanotrophic bacteria were functional members of
this subglacial ecosystem.
At least three modes of carbon fixation were inferred [14]. The most common
mode of carbon fixation was the reductive pentose phosphate cycle. The second in
frequency was the reductive tricarboxylic acid pathway. This cycle also produces

Figure 3.
Overview of the metabolic potentials between dominant microorganisms in the three polar glacial ecosystems.
The data are from [20, 11, 10, 4, 13, 8] for bacteria, from [11, 15, 5, 6, 14] for archaea, and from [19, 7, 12, 14]
for eukarya.
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precursors for nucleic acid and aromatic amino acid syntheses. The third type of
carbon fixation, the reductive acetyl-CoA pathway, is the one used by archaea [14].
These investigations did also identify genes that carry out various parts of
the nitrogen cycle, including nitrogen fixation (Actinobacteria, Cyanobacteria,
Betaproteobacteria, and Gammaproteobacteria), nitrification (Alphaproteobacteria
and Betaproteobacteria), denitrification (Gammaproteobacteria), nitrate reduction
(Betaproteobacteria and Gammaproteobacteria), anammox (Planctomycetes), assimilation (most microorganisms from these investigations), and decomposition (fungi
and other heterotrophs) [14].
Characterization of the Antarctic Blood Falls microbial assemblage revealed
taxa that could participate in active sulfur cycling, including autotrophs and
heterotrophs such as Desulfocapsa, Geopsychrobacter, Thiomicrospira, and
Thermacetogenium [32]. Although these microorganisms usually inhabit the subglacial ecosystem, in Blood Falls, they have been identified in brines collected from
outflowing fluids (Figure 3).

4. Comparison of metagenome analysis techniques
The metagenome of polar microorganisms has been widely studied in recent
years. Their results can provide a great amount of information about the biodiversity, survival capacity, and functioning of microbial communities in these extreme
environments. In addition, information about ancient communities preserved
within glacial ice through time can be obtained [33].
4.1 Sanger
Between 1975 and 2005, most of the DNA sequences were obtained through
the application of the Sanger techniques [34], which led to the first generation of
automated DNA sequencers [35] (Figure 4). For 16S or 18S rRNA sequencing,
PCR amplification was carried out with specific primers (Table 1) and sequencing instruments based on capillary electrophoresis. Nowadays, Sanger sequencing
achieves high read lengths of up to 1000 bp and per base and accuracies of 99.999%

Figure 4.
Typical workflow in polar glacier metagenomics researches.
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(V3–V4) 341F

(V3–V4) 805R

(V9) 1380F

(V9) 1510R

Eukarya

Eukarya

Euk502R

Eukarya

Bacteria

Euka1F

Eukarya

Bacteria

20F

U1392R

Archaea

16S-R

Bacteria

Archaea

16S-F

Bacteria

Primers

Table 1.
Primer sequences for 16S or 18S rRNA sequencing.

NGS

Sanger

Specificity

100
100
43
39

ACACTGACGACATGGTTCTACACCTACGGGNGGCWGCAG

TACGGTAGCAGAGACTTGGTCTGACTACHVGGGTATCTAATCC

GCCTCCCTCGCGCCATCAGXXXXXCCCTGCCHTTTGTACACAC
GCCTTGCCAGCCCGCTCAGCCTTCYGCAGGTTCACCTAC

500

500

1372

1372

1000

1000

Product length (bp)

TGATCCTTCTGCAGGTTCACCTAC

CTGGTTGATCCTGCCAG

ACGGGCGGTGTGTRC

TTCCGGTTGATCCYGCCRG

CACGAGCTGACGACAGCC

AGAGTTTGATCCTGGCTCAG

Sequence (5′ to 3′)

Amaral-Zettler et al., 2009

Amaral-Zettler et al., 2009

Herlemann et al., 2011

Herlemann et al., 2011

Amann et al., 1990

Lefranc et al., 2005

Massana et al., 1997

Massana et al., 1997

Lane, 1991

Lane, 1991

Authors

[50]

[50]

[49]

[49]

[48]

[47]

[46]

[46]

[45]

[45]

Reference
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[36]. In the de novo metagenomics, randomly fragmented DNA was cloned into
a high-copy-number plasmid and then transformed in Escherichia coli. However,
whole-genome sequencing by this technology was extremely expensive and time
consuming.
Some examples of microorganisms from polar glaciers analyzed with these technologies were Antarctic bacteria from the Dry Valleys [37] and the Arctic ice pack
[38]. In general, the number of sequences identified by this technique was scarce.
However, this method has the advantage of generating long reference sequences,
which are very useful for studies of taxonomy and biodiversity.
4.2 NGS
Next-generation sequencing (NGS) technology is similar to capillary sequencing
(Figure 4). The main difference is that, instead of sequencing a single DNA fragment, NGS develops this process with millions of DNA fragments.
The introduction of pyrosequencing technology by 454 life sciences in 2005
began the NGS innovation. This allowed the identification of thousands of shortsequencing reads without the need for cloning. This technique was used to research
the microbial life in the Dry Valleys, Antarctica [39], and Ace Lake, Antarctica [40],
and in Arctic glaciers from Svalbard [10].
Since then, many other NGS technologies have been developed. The Illumina
platform (MiniSeq, MiSeq, NextSeq, HiSeq, and NovaSeq instruments) is based
on sequencing by synthesis of the complementary strand and fluorescence-based
detection of reversibly blocked terminator nucleotides. The platform includes multiple instruments with varying read length. For example, Illumina sequencing has
been employed in a metagenomic research into diazotrophic communities across
Arctic glacier forefields [41] and in the metagenomic analysis of basal ice from an
Alaskan glacier [42]. Sequencing of 16S and 18S rDNA PCR amplicons is the most
common approach to investigating environmental prokaryotic diversity, despite
the known biases introduced during PCR. Recently this method has been improved
with the use of 16S rDNA fragments derived from Illumina-sequenced environmental metagenomes [43]. Furthermore, newer Illumina sequencers produce longer
reads (e.g., the HiSeq2500 and MiSeq produce 2 × 150bp and 2 × 250bp reads,
respectively, which after merging can generate reads up to, e.g., 290 and 490 bp).
Other metagenomic studies based on the Ion Torrent platform were also based
on sequencing by synthesis, but the detection was performed using semiconductor
technology. Ion Torrent technology was applied to analyze red snow microbiomes
and their role in melting Arctic glaciers [12].
The main drawback of the aforementioned second-generation sequencing
platforms is that they generate relatively fragmented genome assemblies. In order
to produce closed reference genomes, longer reads are required [36]. To meet this
demand, third-generation sequencing platforms have been developed. These technologies directly target single DNA molecules without the need for PCR amplification. The PacBio RSII platform uses single-molecule real-time (SMRT) sequencing
technology which allows to obtain extremely long DNA fragments of 20 kb and
even longer [43].
4.3 Genome analysis tools
Environmental microbiome sequencing analysis consists of binning sequencing
reads into taxonomic units to compare the microbial composition of samples. This
information will allow the knowledge of the microbial population taxonomy, diversity,
and functioning. When these data are correlated to certain environmental parameters,
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Category

Tool1

Taxonomy2

Use all available MEGAN/MEGAN4 B
sequences

Use a set of
genes

Function

URL

+

https://ab.inf.uni-tuebingen.de/software/
megan4

MG-RAST

B/E

+

https://www.mg-rast.org/

Genometa

B

−

http://genomics1.mh-hannover.de/
genometa/

Kraken

B

−

https://ccb.jhu.edu/software/kraken/

LMAT

B

+

https://computation.llnl.gov/projects/
livermore-metagenomics-analysis-toolkit

Taxator-tk

B

−

https://github.com/fungs/taxator-tk

CLARK

B

−

http://clark.cs.ucr.edu/

GOTTCHA

B/E

−

http://lanl-bioinformatics.github.io/
GOTTCHA/

EBI

B

+

https://www.ebi.ac.uk/metagenomics/

MetaPhyler

B

−

http://metaphyler.cbcb.umd.edu/

QIIME6

B

−

http://qiime.org/

mOTU

B

−

https://omictools.com/motu-tool

MetaPhlAn

B/E

−

http://huttenhower.sph.harvard.edu/
metaphlan2

One Codex

B/E

−

https://onecodex.com/

1

Incomplete list compiled from sources.
2
B, bacterial taxa; E, eukaryotic taxa.

Table 2.
Metagenome analysis tools.

both ecological and biogeochemical analysis can be performed. Taxonomic binning
of 16S and 18S rRNA reads is usually based on one of these four databases: SILVA,
Ribosomal Database Project, Greengenes, and NCBI [44]. For instance, the Ribosomal
Database Project was used to perform a metagenomic analysis if Illumina sequences to
identify bacterial communities in Antarctic surface snow [45].
Several tools have been developed to investigate the taxonomic composition of
metagenomes and, in some cases, the functional composition of the community.
These tools can be classified into two groups: those that use all the available sequences
(MEGAN/MEGAN4, MG-RAST, Genometa, Kraken, LMAT, Taxator-tk, CLARK,
GOTTCHA, EBI) and those that use a set of genes (MetaPhyler, QIIME6, mOTU,
MetaPhlAn, One Codex) [33]. These genome analysis tools are summarized in Table 2.
An example of the use of these tools is the metagenomics analysis with
MG-RAST performed to study Arctic microbial communities [41]. Sequence
analysis with QIIME was performed with cryoconite samples from Arctic glaciers
[10] and with permafrost samples from the Antarctic Dry Valleys [39].
Although metagenomics is changing rapidly, still new improvements in the
development of analytical tools and databases are required to answer important
questions in polar glacier microbiology.

5. Conclusions
• Extraordinary advances in metagenomics have allowed a great understanding
of microbial ecology and function of polar glacier microbial communities.
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• Important novel tools to study environmental microbiology based on metagenomics are being developed.
• Third-generation technologies may further revolutionize metagenomic
research.
• The application of new technologies to metagenomic studies of polar glaciers
will enable to link the diversity and functionality of these habitats.
• Significant challenges for metagenomics remain, especially in data processing
and genome analysis.
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Chapter 7

Dissemination of Intestinal
Microbiota by Migratory Birds
across Geographical Borders
Takehiko Kenzaka

Abstract
Understanding the dissemination of medically important microbiota is a
significant public health necessity. Although modern bacteriology has advanced
with improved culturing technology, several environmental bacteria occur in the
“viable but nonculturable” state. By using next-generation sequencing (NGS) to
comprehensively analyze the intestinal microbiota of migratory birds, research
on microbial communities traveling over long distances has entered a new era and
provides new insights that are valuable for the analysis of medical care, livestock
industry, agriculture, and human health risks. The use of comprehensive analysis
by NGS of not only intestinal microbiota but also diet biological communities
may help elucidate the relationship between microbiological communities and
the diet and succession of intestinal microbiota, including antibiotic-resistant
bacteria, during migration and breeding. Here, we have described the current
state and the future implications of studying intestinal microbiota associated
with migratory birds.
Keywords: migratory bird, avian, gut microbiota, intestinal microbiota, antibiotic
resistance, colistin

1. Introduction
The application of DNA sequence technology covers a wide range of fields. As
next-generation sequencing (NGS) has progressed, it has become more widely used
in an array of practical applications [1, 2]. One direction of use includes the field of
precision medical care. In cases of cancer caused by genetic mutations, molecular
targeted drugs can be discovered by investigating gene mutations. In addition, the
application of NGS is advancing in industrial fields; for instance, genotyping of
animals and plants can be performed at low cost and the genetic markers can be
screened with NGS.
NGS enables profiling of complex microbial communities in nature as well
as that of indigenous microbiota associated with living organisms [3, 4]. Higher
forms of life coexist with huge numbers of microorganisms, including bacteria,
viruses, fungi, and, in some cases, protozoa and parasites—albeit bacteria are the
most important microorganisms in terms of their numbers and host interactions.
There are as many viruses as numbers, but many of them are viruses (phages) that
infect bacteria.
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Bacteria are present on the surface bodies of living organisms, such as their skin,
gastrointestinal tracts, respiratory systems, and oral cavities, and they are colonized
with an inherent balance in each place. This balance constitutes a stable complex ecosystem through crosstalk between bacteria and hosts. Among these places of localization, the digestive tract has the most abundant localization in terms of both the number
and the type. In humans, 90% of established bacteria inhabit the digestive tract.
The intestinal microbial community includes not only enormous numbers and
types of microorganisms but also active metabolic activity. The genes of the intestinal microbial community are present in proportion of at least 100-fold more than
that of the genome of the host and various metabolites are produced, which are
absorbed into the host body. NGS is now an indispensable item in the study of intestinal microbial communities and is applied not only to humans but also to other
living organisms, such as domestic animals, insects, poultry, and wild birds [5].
Understanding the transboundary movement of microorganisms is an important
requirement from the perspective of public health and environmental science [6,
7]. Microorganisms travel geographically over distant areas on the earth via ocean
currents and atmospheric movement. In addition, migratory birds carry pathogenic microorganisms when traveling over long distances to several parts of the
world [8–10]. Numerous pathogenic bacteria, such as pathogenic Escherichia coli,
Salmonella spp., Listeria monocytogenes, Pseudomonas aeruginosa, Botulinum spp.,
Listeria spp., and Campylobacter jejuni, have been isolated from bird feces [11–13].
Research efforts have been performed to identify the bacterial communities
contained in the feces of migratory birds (Bar-headed goose, shorebirds, swallow,
etc.) by a novel culture-independent method [14, 15]. We attempted to explore the
stability of the intestinal bacterial communities in migratory birds, the difference
in the intestinal bacterial communities among birds at the individual and species
levels, and the potential of long-distance movement of antibiotic-resistant bacteria
associated with migratory birds [16–19]. Research on the spread of bacterial populations over vast distances has led to the elucidation of the roles of migratory birds
regarding human health risks, thereby enabling the prediction of potential outbreaks based on their migratory patterns. NGS is useful for understanding bacterial
diversity and for discovering novel bacteria [20]. The present review considers the
potential role of wild birds in the transmission of intestinal microbiota, including
antibiotic-resistant microorganisms, and our current knowledge of microbiota
associated with migratory birds using NGS technologies.

2. Methodology for analysis of bacterial community composition
Since the scientific study on bacteria began in the 19th century, pure culture
methods supported the progress of microbiology in a wide range of fields such as
medicine, pharmacy, biology, agriculture, and fermentation engineering. In the
latter half of the 1970s, however, the method of total direct counting was developed, in which bacteria were stained with fluorescent dye and directly observed
or counted under a fluorescence microscope. The use of this method revealed that
several environmental bacteria cannot yet be cultivated by the conventional laboratory techniques [21, 22]. Therefore, new bacterial detection methods that were
independent of culturing began to be developed in succession [23–26]. From the latter half of the 1990s, the method to directly extract DNA from the sample without
culturing the bacteria and using a universal primer to target the conserved region of
the 16S rRNA gene or PCR amplification with genus-specific primers to decode the
DNA sequence became widespread [15, 27, 28]. Since the obtained gene information
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depended on the number of bacterial clones that the researcher could handle at a
time, these methods were found to be limited to about tens to thousands.
In the past few years, comprehensive analysis of DNA sequences using NGS
has spread rapidly [5]. NGS is a powerful fundamental technology that is capable
of concurrently determining the nucleotide sequences of tens of millions to
hundreds of millions of DNA fragments. It is also capable of advanced and
high-speed processing, such as multiple determinations of multiple samples.
Moreover, the expenditure on equipment and operations for this method has also
been reduced. The use of NGS can help acquire genetic information of tens of
thousands to hundreds of thousands of bacterial species in a short time. NGS can
also aid in the understanding of the entire picture, thereby enabling a greater
focus on specific interesting bacteria based on the phylogenetic taxonomic
information. This, in turn, would lead to further qualitative and quantitative
analyses in detail.
Because 16S rRNA gene contains both highly conserved regions for primer
design and hypervariable regions to identify the phylogenetic characteristics
of microorganisms, 16S rRNA gene sequence has become the most widely used
marker gene for profiling bacterial communities [29, 30]. Full-length 16S rRNA
gene sequences consist of nine hypervariable regions that are separated by nine
highly conserved regions [31, 32]. Study with bioinformatics tools attempted to
evaluate the phylogenetic sensitivity of the hypervariable regions in comparison
with the corresponding full-length sequences and revealed that the V4–V6 regions
represented the optimal subregions for bacterial phylogenetic studies of the new
phyla [33]. Since the 16S rRNA gene differs from 1 to 16 in the number of copies
per cell depending on the genus [34], the relative proportion obtained by NGS does
not necessarily agree with the ratio of actual community composition, although the
dominant populations can be ascertained.

3. Migratory birds and flyway
The geographical route that migratory birds move annually on the earth is called
“flyway,” and there are nine major flyways in the world. Japan is located on the East
Asia-Australia flyway, and it is estimated that more than 50 million migratory birds,
such as shorebirds, birds, and seabirds, travel over the flyway every year.
Summer migrants in Japan fly from the south mainly for breeding and spend the
summer in Japan, and when the breeding season ends, they return south for overwintering. Winter migrants in Japan fly from the north mainly for overwintering
and spend the winter in Japan, and then in the spring, they return north for breeding. Passage migrants breed in the country north of Japan and overwinter in the
country south of Japan, and so they travel through Japan during the movement and
are mainly observed in spring and autumn. As a whole, some millions of migratory
birds are estimated to visit Japan annually.
The direct counting method by fluorescent staining revealed that the fecal
matter of migratory birds contains ≥108 cells/g bacteria [16, 17]. Since disinfection treatments for bird feces is not performed like that for humans and livestock,
there are possibilities that several live bacteria, along with 50 million migratory
birds each year, travel the East Asia–Australia region flyway for a long distance. In
order to clarify the dynamic of the microbiota, including pathogenic bacteria and
antibiotic-resistant bacteria, as well as to verify their significance in public health
and environmental microbiology, research has been performed to analyze the
intestinal microbial community associated with migratory birds by NGS [16–22].
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4. Intestinal microbiota of adult and young barn swallows
The barn swallow (Hirundo rustica) is about 17 cm in length and is widely
distributed across the temperate and cold regions of Africa, the Eurasian continent,
the northern end of Australia, and North America. Their global population is estimated at more than 190 million individuals [35]. Several swallows migrate to Japan
from Southeast Asia (i.e., the Philippines, Malaysia, and Indonesia) and make their
nests by mixing mud with plant pieces, feathers, and other such items near human
living environments, such as the eaves of a house. While flying in the sky, the barn
swallows catch insects to eat. After breeding, they return to Southeast Asia in the
autumn season. The number of observed individuals in Japan is estimated at several
hundred thousand birds per year.
For the study on the intestinal microbial communities of barn swallow, fecal
specimens of the adult and young barn swallows were collected from the nest on the
university campus and from various nests around the Osaka prefecture, Japan. The
NGS analysis was performed on the V4 region of the 16S rRNA gene.
Diversity indices of intestinal bacterial communities in barn swallows were
determined for each of the sampling locations (Table 1). The diversity index of
young birds was found to be lower than that of adult birds. Similar results were
reported from studies with swallows in Europe [36].
The stability of intestinal bacterial communities in wild birds has not yet been
studied. We collected feces over a period of time from the same nest within the
university campus (OOU 20) and compared changes in the intestinal bacterial communities between adult and young birds. The day when the birds were born was set
as day 0, that before the birth as day –N, and that after the birth as day +N (where,
N = 1, 2, 3, …; Figure 1). Fecal samples in negative and positive value days represent
ones of parent and young birds, respectively.
Adult samples were dominated by Corynebacteriaceae, Halomonadaceae, and
Pseudomonadaceae at the family level before the hatch. In contrast, young samples
were dominated by Enterococcaceae, Mycoplasmataceae, and Enterobacteriaceae
(Figure 1a).
Figure 1b depicts the similarity in the intestinal bacterial community at the
family level by principal component analysis (PCA). The intestinal bacterial communities of the adult birds changed greatly over time, but the profiles of adult and
young birds remained similar before and after hatching, and then the young birds
showed a great change. The adult birds brought insects and the likes in the nest to
feed the young ones; therefore, it seems that the intestinal bacterial community was
temporarily similar because of the similar diets. Similar results were reported from
studies with swallows in Europe [36].
To examine the extent of change in the intestinal bacterial community of the
barn swallows living in the same nest, the change was compared with that in other
nests. The sampling sites OOU17 and OOU20 are nests located about 50 m apart.
Site

Adult

Young
a

All

2.48 (1.09)

1.66 (0.85)

OOU17

2.74 (0.92)

2.34 (0.88)

OOU20

3.33 (1.36)

1.82 (0.76)

Wakayama

1.86 (0.40)

1.40 (0.73)

a

Standard deviation.

Table 1.
Alpha diversity of fecal microbiota in adult and young barn swallow.
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Figure 1.
Change in the bacterial community composition of fecal samples of barn swallows living in the same nest.
(a) Relative portions of bacterial phylotypes in averaged fecal samples at the family level (b) Principle
component analysis of family abundance data. Fecal samples in negative and positive value days represent ones
of parent and young birds, respectively.

The sampling sites Wakayama were about 50 km away from the sites OOU20 and
OOU17 and consisted of a plurality of nests at a distance of 100 m. As compared
with these adult and young birds, no such characteristics were observed in the
groups of adult or young birds or in specific nests (Figure 2). As seen in the figure
regarding the change in the bacterial community at OOU 20, the extent of difference in the bacterial community over a period of time in the same nest was found to
exceed the extent of the difference among different nests.
In order to verify whether there were similarities in the bacterial communities for each collection area, PCA was performed on those from the adult birds
(Figure 3a and b). We examined four areas (northern Osaka, southern Osaka,
northern Wakayama, and others); these areas were about 50 km apart and beyond
the activity range of the insects that served as the swallows’ diets. The distribution of the samples in the same nest at OOU20 is shown in gray in Figure 3a. The
extent of difference in the bacterial community in the same nest surpassed that

Figure 2.
Principal component analysis of class abundance data from adult and young barn swallows.
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Figure 3.
Similarity analysis of 16S rRNA gene data from adult barn swallows. (a) Sampling sites around Osaka, Japan.
(b) Principal component analysis of class abundance data.

among different nests. No relationship was found between the bacterial community composition and the geographical area in the fecal samples. Since the
intestinal tract of swallows is short, it was speculated that the intestinal microbial
community might be influenced by the daily diet and may accordingly change
greatly in only a couple of days.

5. Succession of intestinal microbiota of a Eurasian wigeon while
spending a winter
In order to examine the stability of the intestinal bacterial communities of
other birds, we examined the succession of intestinal bacterial communities in the
feces of a Eurasian wigeon, which was flying to the northern part of Osaka at the
beginning of the winter season, staying in the same area when spending a winter.
The Eurasian wigeon (Mareca penelope or Anas penelope) is about 50 cm in length.
It breeds in the northern part of the Eurasian Continent, and in winter, it crosses
southern Europe, North Africa, and East/South Asia. The global population of
Eurasian wigeons is estimated at 2.8–3.3 million individuals [37]. This bird lives primarily in quiet sea, estuaries, lakes, and rivers. In addition to eating plants such as
grass leaves and algae, it eats aquatic insects and mollusks. The number of wigeons
observed in Japan is reportedly 180,000 per year.
In December 2017, when the researchers flew to Japan, we examined the succession over time with monthly intestinal bacteria of Eurasian wigeon around the Ai
River in north Osaka (Figure 4). Community analysis at the class level revealed that
Clostridia constituted 64.7% in December, but the proportion decreased to 18.4% in
April 2018 (P < 0.01). The proportion of Bacilli, Fusobacteria, Alphaproteobacteria,
and Gammaproteobacteria significantly increased from 0.3 to 7.4%, 1.2 to 10.4%,
1.2 to 6.3%, and 4.1–29%, respectively (P < 0.01), while spending a winter in Japan.
The intestinal bacterial community composition of Eurasian wigeon, which flew to
Japan at the beginning of the winter season, significantly changed while staying in
Japan for about 4 months.
We also compared the intestinal microbial communities of Eurasian wigeon
in December and April at different sites and in different years. We used samples
collected from different sampling sites, Lake Biwa in 2016 and Ai River in 2017, as
samples in the early winter. As samples for the spring season, fecal samples were
collected from Biwa Lake and Ai River between 2016 and 2018.
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Figure 4.
Changes in the bacterial community composition of fecal samples from the Eurasian wigeon while staying in
western Japan. Fecal samples were collected from around Ai River, north Osaka, Japan.

Figure 5.
Comparison of the bacterial community composition of fecal samples from the Eurasian wigeon in the early
winter (December) and spring (April) seasons. Fecal samples were collected from around Ai River and lake
Biwa, Japan in different years.

All samples in December were dominated by Clostridia, and samples in April
were dominated by Gammaproteobacteria. Regardless of the differences in the
location and year of sampling, the major bacterial communities were found to be
similar. PCA revealed obvious difference in the bacterial community—namely,
the samples in December were distributed in gray (right panel) and the samples in
April shifted to the left panel in Figure 5. These results revealed that the intestinal
bacterial community composition of Eurasian wigeon, which flew to Japan at the
beginning of winter, changed while they spend a winter in Japan.

6. Colistin-resistant bacteria associated with Eurasian wigeon
The dissemination of antibiotic-resistant bacteria across borders has become an
important issue in public health, and the involvement of migratory birds has been
indicated as a mechanism by which resistant bacteria spread at the global level [13].
In addition, colistin is regarded as an important antimicrobial agent; it is even an
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Figure 6.
Frequency distribution of the number of colistin-resistant E. coli (a) and coliform (b) in fecal samples of
Eurasian wigeon. Fecal samples were taken around Ai River.

antibiotic used as the last resort for carbapenem-resistant Enterobacteriaceae bacteria at the World Health Organization. Thus, the succession of number of colistinresistant E. coli and coliform in Eurasian wigeon was investigated in this study.
The frequency distribution of the number of colistin-resistant E. coli per gram
of the sample is shown for each count range in Figure 6. In December 2017, the
proportion of fecal samples below the detection limit was approximately 50%,
and >100 CFU/g was about 50%. In March, the proportion gradually increased to
approximately 70%, about 90% at the beginning of April, and 100% at the end of
April 2018. For the colistin-resistant coliform, it was also found that the proportion of samples below the detection limit increased gradually while spending a
winter in Japan. These results suggest that colistin-resistant E. coli and coliform
may have been carried over to Japan after ingestion by the Eurasian wigeon in the
northern area.

7. DNA barcoding and diet
DNA barcoding is a technique that allows identification of species by using a short
nucleotide sequence of a specific gene region. By using a gene region that reflects the
difference in species as a standard DNA barcode, it has become possible to specify
species. This method can be used to identify species of plants, animals, and fungi. It
also helps to discover new varieties by combining with other information.
For animals, about 650 bases in length at the 5′ end of the cytochrome C oxidase
subunit I (COI) gene on the mitochondrial genome is regarded as a standard barcode region, but the primer used differs, depending on the research project [38, 39].
The reason that the COI of mitochondria was selected as a standard barcode region
of DNA barcoding of animals is that the universal primers are available to cover
most taxa of the animal kingdom and the region contains several mutations at
the species level. With a few exceptions, the cells of all eukaryotic species contain
the mitochondria. The mitochondrial genome comprises a double-stranded DNA
molecule of approximately 16-kb length, accounting for 1–2% of the total DNA in
mammalian cells.
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Target gene

Name

Nucleotide sequence (5′-3′)

COI

LCO1490

GGTCAACAAATCATAAAGATATTGG

HCO2198

TAAACTTCAGGGTGACCAAAAAATCA

3F_KIM f

CGTACAGTACTTTTGTGTTTACGAG

1R_KIM r

ACCCAGTCCATCTGGAAATCTTGGTTC

rbcLa_F

ATGTCACCACAAACAGAGACTAAAGC

rbcLa_R

GTAAAATCAAGTCCACCRCG

M13U12S-F

TGTAAAACGACGGCCAGTCAAACTGGGATTAGATACCC

M13U12S-R

CAGGAAACAGCTATGACCGAGGGTGACGGGCGGTGTGT

M13U16S-F

TGTAAAACGACGGCCAGTACCGTGCAAAGGTAGCATAAT

M13U16S-R

CAGGAAACAGCTATGACCTCCGGTCTGAACTCAGATCAC

matK

rbcL

12S

16S
*

Underlined portions are M13 tag sequences [39].

Table 2.
Representative primers used for DNA barcoding.

On the other hand, for plants, a few mitochondrial interspecific mutations and
COI cannot be used for species-level identification. Therefore, researchers propose
the use of the chloroplast DNA region in plants, with rbcL and matK as standard
barcode regions of terrestrial plants [40].
For analyzing the intestinal contents of various types of wildlife, the DNA
barcoding method described above can be used in combination with NGS [41, 42].
Representative primers used for DNA barcoding were shown in Table 2. Various
primer sets are available from the following site (http://www.boldsystems.org/
index.php/Public_Primer_PrimerSearch).

8. Migratory bird diet
We focused on the DNA barcoding method to examine the relationship between
diet and intestinal microbial communities in migratory birds. It can be hypothesized that diet—based on foods available in the area—has an influence, leading to
change in the intestinal bacterial community of Eurasian wigeon and the number of
colistin-resistant E. coli while spending a winter in Japan. Therefore, we performed
NGS analysis on the intestinal contents of the Eurasian wigeon using eukaryotic
COI gene as the target (Figure 7).
The Orthocladiinae sp. belonging to Arthropoda were found to be abundant at
any time period, although there were differences in their proportion depending
on the season. In December, Demodex folliculorum and Orthocladiinae sp., which
belonged to Arthropoda, and Adineta vaga, which belonged to Rotifera, were abundant. Rhodophyta and Ochrophyta were observed only in the February samples. In
the April samples, Cricotopus annulator, which belonged to Arthropoda, and Adineta
vaga, which belonged to Rotifera, were abundant.
Pearson’s correlation coefficients did not show any strong relationships between
the number of both colistin-resistant E. coli and coliform and the diet. The abundance of Actinobacteria and Bacilli showed a significant but week correlation with
abundance of Scaptomyza montana (r = 0.340, P < 0.05 and r = 0.417, P < 0.01,
respectively). The abundance of Clostridia was negatively related with Orthocladiinae
sp. (r = −0.372, P < 0.05) and Scaptomyza montana (r = −0.327, P < 0.05) and
positively related with abundance of Talaromyces pinophilus (r = 0.409, P < 0.01).
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Figure 7.
Relative proportions of phylotypes of diet in the Eurasian wigeon.

The abundance of Gammaproteobacteria was positively related with abundance of
Abrochtha sonneborni (r = 0.354 P < 0.05) and Orthocladiinae sp. (r = 0.393, P < 0.05,
respectively). All correlation coefficients were not strong, and thus other parameters
or multiple parameters might affect the intestinal microbial communities.
Although the Eurasian wigeon mainly ingests terrestrial plants, COI sequences
of terrestrial plants were less detected in this study. For organisms that feed
on plants, it seems better to use the sequences of rbcL and matK on chloroplast
DNA. In order to investigate the relationship between the intestinal microbial community and diet in wild birds, it is necessary to select appropriate primers suitable
for particular types of living organisms that are consumed as part of the diet.

9. Bacterial community composition in migratory and
nonmigratory birds
In order to clarify the intestinal bacterial communities among different avian
species, those of seagulls, Eurasian wigeon, and barn swallow were compared at
their class levels (Figure 8). For this research, feces of the European herring gull
and Slaty-backed gull were collected in Hokkaido (northern Japan). Slaty-backed
gull (Larus schistisagus) is a large gull, measuring about 60 cm in length, breeding
around northern Japan in the summer season and traveling to the south of mainland
Japan and South Korea in the winter season. The global population was estimated
to be 25,000–1,000,000 individuals, while the national population was estimated
to include >1000 wintering individuals in Japan [43]. The European herring gull
(Larus argentatus) is a large seagull with a total body length of approximately
60 cm, breeding in eastern Siberia in the summer season and traveling to Japan or
to more southern areas in the winter season. These seagulls mainly eat fish, but they
also eat crustaceans, insects, and other bird eggs. The global population was estimated to be 2,060,000–2,430,000 individuals, but the population was estimated to
be decreasing at a rate of approximately 30% in 39 years [44].
Although the intestinal bacterial community of the Eurasian wigeon was
dominated by Clostridia and Bacteroidia, those of the seagulls were dominated by
Gammaproteobacteria. Figure 8 shows the results of PCA, comparing the similarities
between the intestinal bacterial communities of the migratory birds with other birds
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Figure 8.
Principal component analysis of class abundance data from migratory birds and nonmigratory birds.

registered on the public database. It is highly likely that migratory birds may eat different foods; therefore, differences across individuals were large as compared to those
in poultry. However, as compared with other birds, individual intestinal microbiota
from the barn swallow was relatively similar. In particular, intestinal bacterial composition from the Eurasian wigeon (□) collected from different seasons (December
and April) was found to be highly diversified. The extent of the difference in them
surpassed the extent of the difference among other birds. It may be reasonable that
each of the intestinal bacterial communities was formed by the food consumed, be it
an insect meal, an herbivorous meal, an omnivorous meal, or a carnivorous meal.

10. Conclusion
The use of culture-independent methods for studying wild bird-associated
microbial communities could have been shown to be beneficial in the expansion of
our current knowledge. The NGS targeting the 16S rRNA gene allows a comprehensive clarification of the bacterial communities, their succession while spending a
winter or breeding, and their associated movement with migratory birds. The application of NGS is expected to improve our understanding of the overview of not
only bacterial communities but also organisms ingested as part of the diet in wild
birds. Narrowing down the target organisms using NGS will enable us to identify
unknown pathogens or reveal the potential migration status of known pathogens
that have escaped noticed so far due to methodological constraints. In addition, the
relationship between intestinal microbial communities and diet of living organisms
needs to be studied in greater detail.
Investigation of community composition in parallel with functional investigations (e.g., drug resistance) is expected to improve our understanding of the mechanisms by which multidrug-resistant bacteria spread around the world. Addressing
the current implications of birds as potential vectors of antibiotic-resistant bacteria
is of great interest. Analysis of the indigenous bacterial flora of migratory birds may
highlight the importance of human hygiene and the environmental significance
of the transfer of antibiotic-resistant bacteria associated with natural bird migratory patterns. When wild birds act as vectors of diseases, it is important to identify
the true source of infectious organisms. NGS, as a culture-independent method,
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facilitates further understanding of the complexities and interactions of the genera
inherently associated with birds, such as sputum, feces, and feather, as well as of
those acquired from the wintering or breeding environment.
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Application of Metagenomics to
Chilean Aquaculture
Mario Tello, Natalia Valdes, Rodrigo Vargas, Joselin Rojas,
Mick Parra, Gonzalo Gajardo and Alex Gonzalez

Abstract
Aquaculture is a rapidly expanding food production sector, facing the challenge of growth both increasing its efficiency and reducing its negative impact on
the environment. Metagenomics is an emerging tool in aquaculture that helps to
understand the complex host (fish-shellfish)-microbiota-pathogen-environment
relationship underlying disease outbreaks, monitoring the dynamics of microbial
diversity in farmed animals subject to different environmental conditions or
perturbations. As Chile takes an important share of world aquaculture market, this
chapter reviews the actual and potential applications of metagenomics to support
a sustainable expansion and diversification of Chilean aquaculture. The focus is on
(i) the role and function of the gut microbiota in the proper immunostimulation
and disease control and (ii) the role of metagenomics in monitoring environmental
microbial biodiversity and dynamics in relation to disease persistence and ecosystem stability. We conclude that despite the importance of the aquaculture sector in
Chile, the application of metagenomics to deal with disease control and ecosystem
preservation is still an emerging field of study. Understanding host (fish-shellfish)microbiota-pathogen-environment diversity of interactions in a more holistic view,
i.e., the holobiome approach, could be key to develop rational strategies to improve
productivity by increasing resistance to diseases and reducing the use of antibiotics
and their negative environmental impact.
Keywords: metagenomics, Chilean aquaculture, microbiota, disease, environment

1. Introduction
Aquaculture, the so-called blue biotechnology of the future [1], is the fastest
growing food production sector and should continue expanding and diversifying to
fulfill the need for good-quality protein of the ∼8.5 billion people that will populate
the earth by 2030. Such ascending trajectory of aquaculture will also help to achieve
some of the United Nations (UN) sustainable developmental goals (SDGs) [2] that
seek a better, less unequal, and more sustainable future for humanity by 2030,
specifically in relation to food security, improved nutrition, and poverty alleviation
in rural communities in particular. Therefore, aquaculture growth and management
of aquatic genetic resources should be done in a sustainable manner, a goal that
requires maximizing ecosystem goods and services in line with the Blue Growth
Initiative of the Food and Agriculture Organization (FAO) [2]. Aquaculture has
expanded at a rate of 5.8% annually (2001–2016), totalizing ~ 80 million of tons
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in 2016, worth USD 231.6 billion (mainly finfish, crustacea, mollusk) [2]. Yet, the
potential for expansion and diversification is immense considering the diversity of
existing marine species [3]. For example, the total number of commercially farmed
species increased in the last 10 years from 472 (2006) to 598 (2016) [2]. However,
the sustainable aquaculture expansion is currently hampered by the impact of
detrimental diseases causing high mortality and economic loss to the sector [4],
together with the indiscriminate and inefficient use of antibiotics and chemicals to
control them, which causes a negative ecosystem impact [5, 6]. To reevaluate this
approach is the challenge ahead, and a good start is the ban imposed to the use of
antibiotics by international organizations and consumers, which have stimulated
the search for alternative microbial control strategies, like the use of probiotics [6].
Chile is a well-known and competitive salmon and trout producer. In fact, it’s the
world’s second producer of salmon following Norway, and recently it has become
a relevant mussel producer [2]. According to the FAO, in 2016 Chile ranked fourth
among the world producers of marine and coastal finfish with 726.9 thousand
tons (live weight) and the fourth marine mollusk producer (307.4 thousand tons
[2]). The relevant aquaculture species are shown in Figure 1, with a total of 2162
centers distributed between the so-called Lake District (administrative region X);
the northern part of Patagonia, where the salmon boom began; and the Magellan
and Antarctic Region (XII). Region X is full of lakes that are intensively exploited
as hatcheries for smolt production and also has protected coastal bays, fjords, and
estuaries ideal for completing the marine phase of salmonid life cycle, not so far
away from hatcheries. This region has 666 registered fish and 1171 mollusk centers.
However, due to the ecosystem and disease consequences of the intensive salmon
farming (high densities of fish per water volume) [7], the activity has moved to
Region XI, with a total of 767 fish centers. In total (fish and mollusk), these centers
harvested 1219.739 tons in 2016 [8].
One striking aspect of the farming of exotic salmonid species in Chile is the
impressive expansion from the initial 80,000 tons harvested in the early 1990s to
the 688,000 tons in 2004 and 900,000 tons in 2014 according to official statistics
of the national service of fisheries, SERNAPESCA. In 2017 the production leveled at
791.103 tons with the following production figures by species (2017, tons): Atlantic
salmon (Salmo salar) 582,350; coho salmon (Oncorhynchus kisutch), 134,235; and
rainbow trout (Oncorhynchus mykiss) 74,518. Such successful story dates back to the
last part of the twentieth century with the introduction of rainbow and brown trout

Figure 1.
Main species produced by Chilean aquaculture. According to production figures (2017), farming of salmon
and trout is by far the main aquaculture activity in Chile, followed by the Chilean mussel (Mytilus chilensis).
Others correspond to seaweeds and the Chilean scallop.
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and other salmonids, initially for recreational fisheries and later for aquaculture [9].
However, the industry almost collapsed in 2006–2007 by the outbreak of the deadly
virus responsible of the infectious salmon anemia (ISA), a problem that some
anticipated due to the unlimited expansion of the industry in an ecosystem with
limited carrying capacity [10]. This has raised serious concerns on the environmental standards of an industry making intensive use of coastal, estuaries, and lakes
that are shared by multiple users and due to the high rate of antibiotic consumption
(0.53 Kg per ton harvested in 2016), one of the highest in the world [7]. The interaction between host (fish), microbiota, and environmental microorganisms could be
a key factor to develop rational strategies to improve the productivity by increasing
the resistance to infection and reducing the use of antibiotics and the environmental impact of aquaculture. However, in the production scale, the intensive use
of water and the utilities of the sector does not match with the lack of scientific
research available to deal with the problems caused.
This chapter focuses on Chilean aquaculture to evaluate how metagenomics, a
recently developed genomic subdiscipline, is actually contributing, or could potentially
contribute, to develop more efficient aquaculture practices in relation to disease control and the environmental burden such practices have brought about. Metagenomics
has made possible and cheaper the analysis of the complex genomes of microbial
communities to unravel their diversity, dynamics, and functioning in different environments. The application of this tool to the aquaculture microcosm in particular has
been reviewed by Martinez-Porchas and Vargas-Albores [11]. One of the benefits of
metagenomics is to provide access to unculturable species, the vast majority of diseaserelated microbes in aquaculture whose diversity and function were unknown so far.
We first provide an overview of Chilean aquaculture, the microbiological threats faced
by the salmon farming industry, mainly the symbiotic and antagonist interrelationship
between microbes and farmed animals. The focus is placed on how the gut microbiota
of farmed and native species contribute to their fitness and overall performance in production-related traits like disease or stress resistance. Finally, we seek to evaluate the
application of metagenomics to monitoring environmental biodiversity and microbial
dynamics in a scenario of climate oscillations and other ecosystem perturbations such
as the development of harmful algal blooms.

2. Microbiological threats facing Chilean aquaculture
As stated earlier, Chilean aquaculture is a successful industry. In fact, Chile is
the first world producer of rainbow trout and coho salmon, is the second world
producer of Atlantic salmon, and, recently, has become the world fourth producer of
the Chilean mussel (Mytilus chilensis) [2, 8]. This level of production is achieved by
the natural condition of the water present in the south of Chile and by the intensive
farming strategy used. In fact, using less water surface, Chile competes to Norway
in salmon production [12]. As consequence, Chilean aquaculture has faced several
sanitary problems, related with outbreaks of viruses such as infectious pancreatic
necrosis virus (IPNV) [13] and infectious salmon anemia virus (ISAV) [14]; bacterial
pathogens such as Piscirickettsia salmonis [15], Flavobacterium psychrophilum [16],
and Renibacterium salmoninarum [17]; and parasites such as Caligus rogercresseyi
[15]. Diseases caused by viruses are one of the great challenges of Chilean salmon
farming industry; the first virus being identified in Chile was IPNV, which is highly
persistent and causes severe mortality. However, the introduction of individuals with
QTL related to the resistance to the disease and the administration of vaccines has
partially reduced mortalities in Atlantic salmon [15, 18, 19]. Due to its prevalence
and because IPNV has been found in healthy fishes, it is now considered endemic in
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the Chilean Coast [13]. The ISAV, an orthomyxovirus related with influenza, caused
several outbreaks between 2007 and 2008 forcing to close about 90% of the Atlantic
salmon hatcheries located in Region X [14, 20]. To say the least, the industry almost
collapsed. New outbreaks of ISAV have been detected in the last years; however, its
pathogenicity is not comparable to the 2007–2008 outbreaks [15]. Recently, piscine
reovirus (PRV) has been found in some Atlantic salmon with the so-called heart and
skeletal muscle inflammation (HSMI) and also rainbow trout [21], although this
virus has not been related to outbreaks with important losses [22].
Regarding bacterial pathogens, P. salmonis accounts for about 15% of production
loss of post-smolt Atlantic salmon [15], while F. psychrophilum produces mortalities
between 20 and 80% in rainbow trout and Atlantic salmon during the freshwater phase
[23]. R. salmoninarum is the etiological agent of the bacterial kidney disease (BKD) and
is responsible of the systemic and chronic infection in rainbow trout, Atlantic salmon,
and coho salmon, with about 40% of prevalence in the latter species [24]. Several types
of vaccines have been produced to control viral- and bacterial-caused diseases that,
however, have proved inefficient as disease outbreaks continue to appear. This is the
reason why antibiotics are still the main therapeutic strategy against bacterial pathogens. More than 186 tons were used only in the first semester of 2018 [25, 26].
Regarding farmed mussels (Mytilus chilensis) in Chile, there are no serious
disease outbreaks reported so far, as it has occurred in major producer centers in
Spain where congeneric species are intensively cultivated (M. galloprovincialis and
M. edulis). Most of the registered mussel centers [8] located in the De Los Lagos
Region (Lake District), southern Chile, cultivate mussels from ropes hanging from
long lines. Spats are obtained either by the existing natural beds or by natural
larva settlement. A recent review on bacteria associated to mollusk farming
concentrated in the Chilean scallop (Argopecten purpuratus), a species cultivated
in the north that showed potential aquaculture relevance prior to mussels [27].
This study also reports bacteria with probiotic effect on the pathogens listed. More
recently, Lohrmann et al. [28] provided baseline information on the symbionts
and other conditions of cultivated mussels from the Lake District, such as parasites
(protozoan Marteilia sp., coccidian, and gregarines), intestinal copepods, castrating trematodes (Proctoeces sp.), intracellular bacteria in gills and digestive glands,
ciliates on gills, microsporidian and metazoan parasites, and other conditions.
Currently, the factors that preclude bacterial and viral outbreaks remain
unknown. With no doubt, the intensive culture strategy used by the industry
accounts for disease prevalence and economic losses. But still, the cost–benefit ratio
is extremely positive for the industry. Very likely, several unknown factors affect
the host-pathogen-environment relationship. While the physicochemical factors
enhancing disease outbreaks are relatively easy to determine, either by direct or
satellite monitoring, the analysis of the microbiological factor is still biased to
cultivable bacteria (see below), which means that more than 99% of the all microorganism present in the environment are left out. Metagenomics provides a more
holistic view of the microbial ecosystem and their interactions, and so it is expected
to shed light on this complex problem for the industry, for the environment, and
also to humans that eat fish with antibiotic traces.

3. Microbiota of cultivated species in Chile
3.1 Microbiota
Multicellular eukaryotes (plants and animals) have traditionally been classified as highly complex organisms independent of the community of commensal
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microorganisms that colonize them [29, 30]. This community of microorganisms
is known as microbiota and represents between 50 and 90% of an individual’s cells
in pluricellular forms of life [31]. Our initial failure to appreciate its importance is
derived from biases arising from analyzing only cultivable microorganisms, which
represent less than 1% of the diversity in a determined environment [32]. The development of non-culturing methods for microbial identification like PCR amplification of rRNA genes (16S or 18S) [33] and subsequent DGGE/TGGE analysis [34]
and the development of massive sequencing techniques [35] allowed to broaden
our knowledge, making possible to assess the complex community of microorganisms colonizing animals and plants such as bacteria, archaea, yeasts, and fungi. In
humans, the gut microbiota is now considered as a complex endocrine organ that
has coevolved with us through time, including cultural evolution [36–38], secreting
several molecules that modulate human physiology [39]. The intimate and indissoluble relationship between microbiota and its host led to redefining the term
organism and the emergence of the concept holobiont, which is used to define a
community composed of host and hosted microbiota [40].
A healthy host has a stable microbiota which is altered when the metabolism or
behavior of the host changes. In turn, changes in the microbiota composition caused
by imbalances in the microorganisms that compose it (dysbiosis) can also produce
metabolic changes in the host [41]. To date, there is abundant evidence showing that
microbiota from mammalian participates directly in four processes: (a) protection
against pathogens [42], (b) behavior [43], (c) energy balance [44], and (d) stimulation and maturation of the immune system [45, 46].
Much less is known about the characteristics and role of microorganisms that
normally colonize the Atlantic salmon or rainbow trout and other teleost fishes
[47]. Despite this, there is evidence showing a functional similarity between the
roles of commensal microorganisms of salmonids and mammals [48]. In both cases,
a complex community is established at the mucosal level that changes according to
diet [49–56], temperature [57], season [57, 58], geographical location [59], culture
condition [60–63], genetic [64], and stage of growth [58, 59, 65–67]. Microbiota
composition also varies depending on the mucosal surface and epithelial location
[68, 69]. High-resolution maps using next-generation sequencing (NGS) have identified around 950 operational taxonomic units (OTUs) in Atlantic salmon, with a
slightly higher number in the skin [65, 68]. In the gastrointestinal tract (GT), these
OTUs belong mainly to the phyla Proteobacteria, Firmicutes, and Tenericutes [55],
while in the skin the main phylum is Proteobacteria [65]. As expected, the exposure
to antibiotics such as oxytetracycline produces profound changes in culturable [70]
and non-cultivable microbiota (Tello unpublished).
3.2 Function of the microbiota in salmonids
Although the function of microbiota in the physiology of salmonids has not
been deeply studied, some evidence in Atlantic salmon and rainbow trout and other
teleost fishes shows that it may play a similar role as described in mammals [48]:
a. Antagonist against pathogens: In salmonids and other fishes, the mucosa covers
the entire organism; thus, it is estimated that microbiota colonizing it forms
a main defense line against pathogens, by mechanisms that include competition for space or nutrients [71], interruption of communication signals, and
production of inhibitory and antimicrobial substances, such as reported in
mammalian [72]. However, few studies have focused on understanding the role
of microbiota in salmonids. Some of them, performed in rainbow trout, show
that bacteria from microbiota are able to protect against bacterial and fungal
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pathogens specially in egg or larval stages when the immune system is not fully
developed [69, 73, 74]. On the other hand, some probiotic bacteria that have
direct antagonism against salmonid pathogens confer protection in challenge
assays, for example, Clostridium butyricum protects rainbow trout against
infection with Vibrio sp. [75].
b. Behavior: Conditions that elicit stress in Atlantic salmon, rainbow trout, and
zebra fish cause significant changes in the microbiota [76, 77]. This is probably
due to increased mucosal secretion. Although it is not yet known if the commensal microbiota of rainbow trout or Atlantic salmon can modulate behavior,
the administration of Lactobacillus rhamnosus IMC 501 significantly alters
social and explorative behavior in zebra fish [78]. Moreover, in Solea senegalensis, Shewanella putrefaciens Pdp11 prevents mortality caused by increased
population density [79], and in other fishes the administration of bacterial probiotics reduces levels of cortisol, a molecule with immunosuppressive activity
that is secreted under stress conditions [80]. It remains to be determined if this
protection is due to reduced sensitivity to the stress caused by high population
density, increased resistance to opportunistic pathogens through competition
or immunostimulation, or both.
c. Energy balance: In Atlantic salmon or rainbow trout, there is some evidence
showing the microbiota is implicated in harvesting energy. The administration of probiotics for 10–12 weeks increases the rate of conversion in rainbow
trout [81]. In zebra fish, the microbiota stimulates genes related to nutritional
metabolism [82], increasing fat uptake and storage in adipose tissue [83],
and also stimulates maturation of the gastrointestinal tract by increasing the
production of digestive enzymes [84].
d.Stimulation and maturation of the immune system: In mammalians and zebra
fish, the role of microbiota in the development of a proper immune response,
especially in the maturation of innate immune response, is well known. In
the gnotobiotic zebra fish model, the treatment with nonabsorbable antibiotics to deplete normal microbiota improves epithelial proliferation [85]; the
innate immune response [82]; the expression of immunoglobulin M gene [86],
neutrophils, macrophages, and phagocytosis [87–89]; and its composition also
determined by B- and T-cell receptors [90]. In other fishes, the administration
of probiotics helps to improve phagocytosis and the alternative complement
pathway [91].
In Atlantic salmon or rainbow trout, it is unknown if normal microbiota modifies the immune response, but some indirect evidence suggests:
1. Gut inflammation occurs as a consequence of changes in diet that alter the
microbiota [92, 93]. It remains to be determined if inflammation is caused by
the change in microbiota or not.
2. Probiotics improve the immune function and innate immune response [75, 94, 95].
3. Most of the elements that affect the host-microbiota relationship in mammalians and zebra fish are also observed in salmonids (see below).
As mentioned earlier, evidence shows that microbiota should play several roles
in the salmonid physiology. However, functional association between metagenomic
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characterization and physiological parameters is an amazing challenge poorly
explored. Likewise, the identification of the microorganism or consortium unique
to fishes that could be administrated as probiotics to improve the performance of
salmonid aquaculture is, therefore, a challenge ahead.
3.3 Effect of antibiotics
In agricultural systems, the use of chemical products, especially antibiotics, has
become widespread as a form of disease prevention and treatment [96]. While, in
cattle breeding, antibiotics are preferably used as growth promoters [97], in aquaculture these properties have not been convincingly demonstrated. Historically, due
to its intensive practice, the Chilean salmon industry is identified as one that uses
more antibiotics per ton of harvested product [7]. In 2016, the amount of antibiotic
used in the Chilean salmon industry reached 382.5 tons. The administration of antibiotics in aquaculture farms is mainly done through food, the remaining of which
accumulates in the environment together with excretions [98]. Such accumulation
of antibiotics in the marine sediments can persist for months, acting as a selection
pressure that favors the establishment of resistant microorganisms that alter the
endemic microbiota and the natural biogeochemical processes [99]. In Chile, this
phenomenon is of great importance, since most of the salmon production is concentrated in the south of Patagonia, an area of high biological diversity.
The global trend in salmon production has been to reduce the use of chemical
products to comply with biosecurity and animal welfare policies. In Chile, however,
the use of antibiotics has continued to increase, accumulating an average of 343.4
tons of antibiotics per year (period 2005–2016) [100], 95% of which is used in marine
fish farms. During this period, a high rate of infection by the intracellular bacterium
Piscirickettsia salmonis, which causes the salmonid rickettsial syndrome (SRS), was
observed, for which there is no effective vaccine or antibiotic treatment [101].
The main antibiotics used in Chile correspond to florfenicol and oxytetracycline. According to the national service of fishing and aquaculture from Chile
(SERNAPESCA) in 2016, florfenicol and oxytetracycline represented 82.5 and
16.8%, respectively, of all the antibiotics used in Chilean aquaculture [100]. Both
are broad-spectrum antibiotics used to combat infections of aquatic pathogens such
as Aeromonas salmonicida, Aeromonas hydrophila, and Yersinia ruckeri, among others
[102]. The predominance of florfenicol in recent years is mainly due to the fact that
this antibiotic is the main agent against P. salmonis.
Pathogens cause immense economic losses that also have social impact. The crisis of the ISA virus in 2007 represented US$ 600 million and 16,000 jobs lost. The
infection by P. salmonis caused 70% of the mortality of Atlantic salmon and rainbow
trout in recent years, amounting to US$ 450 million per year, including vaccination,
antibiotics, and other measures to mitigate the disease [103].
Although preventive measures have been implemented with the mandatory
use of vaccines, the results have not been as promising as in mammals. The reason
behind would be the less developed immunological memory in salmonids than
mammals [104]. A corollary of this is the continued massive use of antibiotics. As
mentioned, a critical problem is the propagation in the environment of microorganisms with resistance genes. Antibiotic residues have been reported in the muscles
of fish and can be transferred directly to humans if the fish is not cooked properly
[105]. Studies using massive sequencing to detect antibiotic resistance genes from
fish sediment identified that more than 90% had mobile genetic elements of
high homology to human pathogens [106]. This confirms the high rate of genetic
exchange, or horizontal transmission, of antibiotic resistance between microbes
and fishes that in the end affects human health.
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Some studies identify the presence of antibiotic resistance genes in isolates from
areas where salmonids are cultivated [107]; however, in-depth studies on the impact
of antibiotics on the composition of microbial communities in farmed animals are
still lacking. This field is open for metagenomics, especially for environmental DNA
monitoring, in order to evaluate the impacts on the native microbial communities and their dynamics in places where salmon cages are located. It is particularly
important to establish how environmental microbial communities recover after
antibiotic treatment or after cages have moved to another place to allow recovery of
the site, according to the actual practice.
In relation to the effect of antibiotics on the salmonid microbiota, studies conducted with culturable bacteria indicate that oxytetracycline decreases bacterial
diversity, facilitating the proliferation of opportunistic pathogenic bacteria [70].
Studies conducted in our laboratory using broad-spectrum antibiotics such as
bacitracin/neomycin showed the bacterial load in the intestine is reduced 10 times, in
particular, the population of Proteobacteria, which favors the increase of the phylum
Firmicutes. At the level of genera, the predominance of Pseudomonas and Aeromonas
is replaced by Lactococcus. The interesting data is that the microbial composition is
not recovered after 15 days of antibiotic treatment, which suggests that changes in the
microbiota could be irreversible, at least within a short window of time (Tello, unpublished data). At the functional level, we were able to see that antibiotics increase the
diversity of genes related to general metabolic pathways (amino acid biosynthesis,
secondary metabolites, enzyme synthesis, etc.) and antibiotic metabolisms.
In farming systems, the impact of antibiotics on the fish’s normal microbiota and
its effects on the long term is unknown. It remains to be determined if the dysbiosis
induced by the antibiotics generates a favorable scenario for other pathogens or if
it affects the immune response. Preliminary work from our laboratory indicates
that the administration of bacitracin and neomycin induces the expression of the
inflammatory immune response judging by the increase in the expression of interleukin IL-1b and the reduced amount of leukocytes in the immunological organs.
Similar effects are observed when administering florfenicol, a broad-spectrum
antibiotic widely used in salmon farming (Figure 2).
3.4 Effect of heavy metals
It is a well-known fact that the presence of metals in different environments generates a toxic effect on both the biota and microbiota. Metagenomic analyses show

Figure 2.
Effects of bacitracin/neomycin on the immune system of Atlantic salmon. The figure shows the effects of
bacitracin/neomycin administered by 14 days on the amount of leukocytes (A) and expression of IL-1b (B).
Both measures were determined on the head kidney.
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these effects are persistent in the gut microbiota and in the environment, principally
in water bodies where the toxicity of these metals modulates the microbial community composition [108, 109]. Previous studies have demonstrated that environmental
pollutants affect the gut microbiota even at low concentration [109]. The metagenomic analyses of the gut microbiota from Cyprinus carpio have made evident the
prevalence (or selection) of bacterial genera containing genes associated to metal
resistance as well as genes involved in heavy metal biotransformation pathways that
tend to attenuate their toxicity in fishes exposed to heavy metals [110, 111].
The Chilean aquaculture industry uses heavy metals such as copper due to its
antimicrobial properties in, for example, antifouling paints that avoid the formation of bacterial biofilms which also are considered potential pathogen reservoirs
[112, 113]. Another application of copper is for coating cages and recirculation
systems (RAS) used in land-based salmon farming sites. On a less positive side, it
has been observed that small variations in the concentration of copper in incoming
freshwater from underground wells that feed a hatchery modify the fish behavior
and reduce food intake, such as in cascade effect that ends up affecting the production. Such behavior impairment by copper seems to affect the nervous system of
the fish [114]. Other studies in Cyprinus carpio show that low copper concentrations
also affect the microbiota diversity and lipid metabolism [110].
Owing to the importance of recirculation systems in aquaculture facilities, it is
imperative to understand how environmental pollutants affect the dynamic of the
gut microbiota and health of reared fishes as well as the microbiota of the biofilter
[115]. The metagenomic approach combined with metabolomic studies may help to
understand the complex changes that occur at different levels in a hatchery exposed
to environmental pollutants.
3.5 Potential use of microbiota of wild and farmed fishes in Chile
3.5.1 Metagenomics in the study of microbiota of wild and farmed fishes in Chile
Despite the importance of the gut microbiota in the fitness of wild and farmed
animals, as seen for salmonids in Section 4, few studies have characterized the
microbiota composition of farmed and wild fish and shellfish that are commonly
consumed in Chile [107, 116–121]. Most of the best characterized microbiota
corresponds to foreign species such as Atlantic salmon and rainbow trout, in
agreement with their economic and social importance. With few exceptions, most
of the microbiota reported in these species corresponds to studies done in Europe,
Canada, the USA, and New Zealand. Even for rainbow trout, a species introduced in
Chilean rivers more than 100 years ago [9], there are no studies characterizing and
comparing the microbiota of feral rainbow trout living in Chilean rivers with the
microbiota present in wild rainbow trout from regions where the species is autochthonous [122].
Since rainbow trout is a species considered “naturalized” in Chile, the obvious
question would be if naturalization or adaptation to local conditions is associated
with a particular microbiota composition. This is, perhaps, another dimension to
consider in the study of the adaptation of rainbow trout in Chile. Given the wild
north–south distribution of the species in Chile, it would be also necessary to
understand if microbiota composition varies with latitude. The same sort of questions are pertinent to understand the microbiota composition of farmed trout and
naturalized ones.
A similar situation happens with farmed Atlantic salmons which escaped
from Chilean hatcheries. It is unknown if they show a microbiota composition
similar or different to those present in the wild Atlantic salmon from Canada
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or Norwegian rivers or closer to the Atlantic salmon farmed in Chile. In the
case of coho salmon, another heavily cultivated species in Chile, studies on the
microbiota have been done using 16S rRNA PCR coupled to DGGE [123], which
gives a sort of qualitative approach to the microbiota diversity. This study shows
that stable microbiota is established after first feeding and comes mainly from
bacteria located in eggs and water. A more accurate analysis of the genomes of
the microbiota would be important to understand the function that a particular
group of bacteria could play in the species adaptation to the aquaculture or wild
environment.
In short, the study of microbiota of farmed salmonids, as well as or other
species, and their naturalized or wild relatives should provide evidence on how
the host-microbiota-environment relationships evolve [64, 124]. The microbiota
from wild fishes (marine or freshwater) living in the Chilean territory could give us
some clues to understand how these fishes have adapted to local conditions. Such
studies should help to optimize its nutrition and protection against pathogens in the
artificial environment under the environmental conditions present in Chile.
The intestinal microbiota of Seriola lalandi and Paralichthys adspersus (fine
flounder) has been sequenced. Both species distributed in the southern Pacific
Ocean have, respectively, actual or potential aquaculture interest in Chile. In both
cases, bacteria belonging to the phylum Proteobacteria were the most abundant
group in wild specimens, while under aquaculture conditions, members of the
phylum Firmicutes predominated. Under aquaculture conditions, the fine flounder
shows a reduction of Actinobacteria, a group known to produce antimicrobial
compounds [117, 119]. Further, metagenomic characterization of the microbiota
through the complete sequencing of all the microbial genomes is necessary to properly predict the function of the microorganisms that colonize wild or farmed fishes
and so to have a better approach to the evolution of the host-microbiota relationship
in Seriola lalandi and Paralichthys adspersus.
3.5.2 Potential uses of the metagenomics for identification of new probiotics
The term microbiota refers to a complex and dynamic ecosystem of microorganisms that colonize the exposed surfaces and epithelia of an organism [125]. The role
of these microorganisms has been studied mainly in the gastrointestinal tract (GT),
contributing greatly to the general welfare of the host, participating in the absorption
of nutrients, functioning as a protective barrier against potential pathogens, and regulating the expression of genes involved in epithelial proliferation in addition to having
a role in the stimulation of the immune system and the prevention of diseases [126]. It
is for these reasons that the microbiota is a good source of probiotic potentials.
Probiotics are defined as live microbiological food supplements with beneficial
effects for the animal host [127], which confer protection (antagonism) against
pathogens, helping in the development of the immune system and providing nutritional benefits [128]. In the aquaculture sector, probiotics began to be used at the
end of the 1980s, as a prophylactic method against pathogens, mainly due to their
ability to stimulate the innate immune response, which is characterized by having a
nonspecific mode of action against various microorganisms [129].
The microorganisms used as probiotics in the aquaculture can have different origins, microorganisms previously used in mammals (allobiotic, probiotic) or commensal microorganisms that colonize the GT and the mucous membranes of the
fish (autochthonous probiotic). In the case of aquatic animals, probiotics of autochthonous origin have adaptive advantages against foreign microorganisms, since they
are adapted to factors such as water temperature and salinity [91], a situation that
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allows them to compete adequately with the resident organisms of the GT [130],
thus ensuring adequate colonization and persistence of the microorganism.
In the last three decades, several microorganisms with probiotic activity
have been identified and characterized for the aquaculture sector [131]. These
microorganisms include both Gram-positive and Gram-negative bacteria, bacteriophages, microalgae, and yeasts [132, 133]. Among the most used probiotic
species in the production of salmonids are the genera Lactobacillus, Bifidobacterium, Aeromonas, Plesiomonas, Bacteroides, Fusobacterium, Carnobacterium,
Eubacterium, Bacillus, Enterococcus, Bacteroides, Clostridium, Agrobacterium, Pseudomonas, Brevibacterium, Microbacterium, Staphylococcus, Streptomyces, Micrococcus,
Psychrobacter, Pediococcus, Saccharomyces, Debaryomyces, Alteromonas, Tetraselmis,
Roseobacter, Weissella, and Aspergillus [75].
The use of these and other microorganisms with probiotic activity has generated
a reduction in the levels of antimicrobial compounds, particularly antibiotics, used
in the salmon industry. In addition, there has been an improvement in the appetite
and/or growth of farmed salmonids [134]. Many of these microorganisms have
antagonistic activity in vivo in salmonids against pathogens such as A. salmonicida,
V. anguillarum, V. ordalii, and F. psychrophilum.
Marine bacteria also have the potential to be used as probiotics. These bacteria
have the ability to store the biodegradable polymer polyhydroxybutyrate (PHB),
which exhibits the ability to neutralize pathogens in Artemia, fish, or shrimps.
Such probiotic effect seems associated with the breakdown of PHB into monomers
(short-chain fatty acids (SCFA)) in the gut of the target species; this breakdown
changes pH and improves bacterial richness [135] or enhances immunological
defense and provides energy to cells [6, 135–139]. Baruah et al. demonstrated that a
commercial PHB source enhanced the survival of Artemia challenged with pathogen by triggering the expression of the heat shock protein, Hsp 70, which is associated with protective innate immune responses [135]. Another positive PHB effect
has been reported in the European sea bass (Dicentrarchus labrax) in an experiment in which the diet of juveniles was supplemented with 2 and 5% PHB (w/w).
Juveniles showed better growth performance correlated to a high bacterial richness
in the gut [135]. Similar results were observed in the Siberian sturgeon (Acipenser
baerii) fingerling, also with a diet supplemented with increasing amounts of PHB
[137], as well as in shrimps [136, 139].
There are currently commercialized probiotics for use in aquaculture, such as
Mycolactor Dry Probiotic®, which corresponds to a mixture of Saccharomyces cerevisiae, Enterococcus faecium, Lactobacillus acidophilus, L. casei, L. plantarum, and L.
brevis; INVE Sanolife® MIC that includes a mixture of Bacillus strains (Biogen®),
Bacillus licheniformis and Bacillus subtilis; and BACTOCELL® (Pediococcus acidilactici), the first probiotic approved by the European Union for use in aquaculture, as
an additive in the feeding of salmonids [140].
In the case of mollusks, there is a history of a bacterial strain isolated from
the gonads of Chilean scallops (Argopecten purpuratus) and characterized as
Alteromonas haloplanktis which shows inhibitory activity in vitro against the known
pathogens V. ordalii, V. parahaemolyticus, V. anguillarum, V. alginolyticus, and A.
hydrophila [141]. The combination of A. haloplanktis and Vibrio strain 11 showed
in vitro inhibition against V. anguillarum-protected scallop larvae in in vivo assays
[142]. A recent example in the European blue mussel (Mytilus edulis) showed high
poly-β-hydroxybutyrate levels regulating the immune response of mussels challenged with Vibrio coralliilyticus [143].
Other studies test the protective capacity of Aeromonas media A199 in vitro
against other 89 strains of Aeromonas and Vibrio, in addition to preventing the
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death of oyster larvae (Crassostrea gigas) when challenged in vivo with Vibrio
tubiashii. However, A. media A199 was not detected in the host after 4 days of the
administration of the probiotic treatment, indicating that it would be necessary to
administer the probiotic at regular intervals of time if a prolonged protective effect
is required [144].
The functional relationship between the immune system of teleost and mammalians and innate and cellular response present in shellfish makes plausible
that microbiota plays these roles in all cultured species. Characterization of the
microbiota by a metagenomic approach has helped to identify microorganisms or
consortia that can be used to improve the absorption of nutrients, have an antagonistic effect against bacterial pathogens, or can stimulate the innate and cellular
response [145]. Metagenomics based on sequencing the 16 s rRNA associated to a
host biological property or condition such as resistance to pathogens could help to
identify bacteria or consortium with antimicrobial properties and look for ways to
culture this bacteria to isolate potential probiotics. This analysis can also be complemented with a prediction of the metabolic pathway using the software PICRUSt
[146]. It may also help to predict a particular condition of the fish if associated to
a particular group of microorganisms with different metabolic properties, such
as the production of vitamins, use of different carbon sources, or production of
metabolites with immunomodulator properties such as SCFA or PUFA [118]. This
analysis could be improved using metagenomics based on the complete sequence of
the whole microbial DNA. This analysis, associated to ORF prediction, metabolic
reconstruction, and prediction of secondary metabolites and antimicrobial peptides using antiSMASH [147], could help to improve the metabolic characterization
of the microbiota associated to a particular condition and help to guide the identification of cultivable microorganisms that can be used as probiotics. Currently
this approach began to be applied in the identification of potential probiotics to
the aquaculture, for example, from eggs of Rainbow trout resistant to the infection with the fungus Saprolegna, was isolated a cultivable bacterium belonging to
the genus Actinomyces that produce antifungal compounds and confer protection
against this pathogen [73].

4. Importance of microbiota-host-environment interactions for the
development of a sustainable aquaculture
4.1 Microbiota and immune system interaction in salmonids
Most of the current information about the host-microbiota communication
comes from studies in mammalian models. These studies show that the interplay
between the microbiota and the immune system is a sort of chemical cross talk
[148] which involves from microbiota to host (a) the specific stimulation of host
receptors by molecules from microbial organisms (bacteria, fungus, viruses,
and archaea), (b) bioactive molecules secreted by the microbiota metabolism,
and (c) stimuli of epigenetic mechanisms to control expression of immune
genes and fate of immune cells. In salmonids the interplay between immune
system and microbiota has not been studied yet. However, the immune system
of salmonids shows the same elements that allow the host-microbiota communication in mammalians.
a. Specific stimulation of host receptors by molecules from microbial
organisms. The immune system is able to recognize the pattern of some
structural molecules from microorganisms either commensal or pathogens.
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Characterized originally in pathogens, these pathogen-associated molecular
patterns (PAMP), which are specific for each type of microorganism, are recognized by a family of receptors located in the immune cells denominated as
pattern recognition receptor (PRR), in particular a subtype of them, namely,
Toll-like receptors (TLR). This interaction appears to be key in stimulating
NF-kβ, interferon-response factors, and the inflammasome, which, depending on the cell type, context, and microorganism involved, responds through
the production of different inflammatory cytokines (e.g., interferon, IL-1β,
IL-22), which can have systemic or local effects [149–153]. On the other side,
commensal microbiota controls the immune response through the exposure or secretion of molecules that stimulate anti-inflammatory response.
Polysaccharide A of Bacteroides fragilis can induce an anti-inflammatory
response by increasing IL-10 production and the population of regulatory
T lymphocytes and by decreasing the inflammatory response mediated by
Th-17 [154, 155].
There is a greater diversity of TLR in salmonids than in mammals (20 versus
10) [156, 157], which suggests that in Atlantic salmon or rainbow trout, the cellular
immune response mediated by TLR stimulation should be more complex than in
mammals. This might be because fish live in an aqueous environment where they
are exposed to a greater quantity and diversity of microorganisms that interact with
a proportionally greater surface of mucosa. In addition, salmonids have a poorly
developed immune response at the level of antibodies, strongly suggesting that in
these organisms the cellular immune response and microbiota are the main barriers
against pathogens. As in mammals, TLR expression is also stimulated by microbial
infections [158]; however, how the pattern of TLR gene expression changes as
consequences of variation in microbiota composition is unknown.
b. Bioactive molecules secreted by the salmonid microbiota. In mammals
microbiota secretes several bioactive molecules able to modify the cell
metabolism and immune response [159]; among them the molecules with
the most significant impact are short-chain fatty acids (SCFA, formate,
acetate, n-propionate, n-butyrate, and n-valerate). SCFA are generated by the
anaerobic fermentative metabolism of bacteria that are part of the intestinal
microbiota and, because they are hydrophobic, are absorbed by epithelial cells
and rapidly disseminate throughout the organism causing effects in different
organs [160]. The microbial SCFA best characterized is butyrate; this molecule
induces the production of regulatory T lymphocytes beyond the thymus [161],
stimulates microglia maturation and function and PMN lymphocyte activity
[162, 163], and decreases the production of proinflammatory cytokines in
macrophages (INF-γ, IL-1β, TNFα) [164]. Butyrate also decreases the proliferation and increases apoptosis of T CD4 lymphocytes [165, 166], increases the
production of anti-inflammatory cytokines in dendritic cells (IL-10, IL-23),
and decreases exposure of MHCII [167, 168]. Although in general the effect of
butyrate and other SCFA is to promote anti-inflammatory responses, the exact
role depends on the type of cell and SCFA. The generic effects of butyrate can
be explained by its capacity to stimulate the free fatty acid receptors (GPR41,
GPR43, and GRP109a), which in turn stimulate a cascade of phosphorylation
by Gai to activate at ERK1/ERK2 MAP kinase. In mammalians, these receptors
are expressed in immune cells, specially GPR43, which is highly expressed in
macrophages/microglia, neutrophils, and monocytes [162, 164]. Bioinformatic
assays performed in our laboratory indicated that Atlantic salmon genome
encodes for 13 proteins which are homologous to the butyrate receptors present
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in mammalians. This expansion suggests an important role of this molecule in
Atlantic salmon physiology [Tello et al. unpublished]; however, the pattern of
expression of these genes is currently unknown in both the salmonid gut and
its immune organs. Also it is unknown if butyrate is able to induce ERK1/ERK2
phosphorylation in salmonids.
Besides its interaction with its receptors, n-butyrate is also a strong inhibitor of
histone deacetylase (HDAC), inducing chromatin remodeling and changes at an epigenetic level [169, 170]. HDAC is a highly conserved protein among different species.
Human and Atlantic salmon HDAC shares a 97% of sequence identity, thus making
highly plausible that HDAC from salmonids can also be inhibited by butyrate.
It is unknown if the salmonid microbiota produces butyrate or other bioactive
molecules able to modulate the immune response; evidence from other fish suggest
that butyrate is also a bioactive molecule in teleost. Butyrate is found in the intestinal tract of herbivorous and carnivorous fish [171, 172]. In Sparus aurata it increases
intestinal microvilli and nutrient absorption [173] and in Cyprinus carpio increases
the expression of shock protein-70 (HSP70), proinflammatory cytokines (IL-1β
and TNF-α), and anti-inflammatory cytokines (transforming growth factor-β)
[174]. The mechanism by which butyrate can induce these changes is currently
unknown.
Preliminary experiments performed in our laboratory show that butyrate modifies the antiviral response in SHK-1 cells, in a mechanism that is independent of the
expression of the putative butyrate receptors [Tello unpublished], suggesting that
Atlantic salmon cells could be sensible to this microbial metabolite.
c. Stimuli epigenetic mechanisms to control gene expression and fate of
immune cells. In mammals microbiota also controls the immune system
through several epigenetic mechanisms: DNA methylation [175], histone
modification [169, 170, 176, 177], and control of gene expression by noncoding RNA [178]. In most of cases, this control is achieved by metabolic products
of the microbiota, such as butyrate or vitamin precursor [179]. In simple
terms, DNA methylation of cytosine impedes transcription factor binding and
favors the recruitment of methylated binding domain proteins, which in turn
prevents the binding of transcription factors by inactivating the chromatin
configuration around genes. Through changes in DNA methylation pattern,
microbiota may control the proliferation of Treg [180] and the function of NK
cells [181].
Changes in the histone modification pattern produced by inhibiting HDAC with
SCFA stimulate changes in the chromatin structure increasing the expression of
foxP3, which promotes the differentiation of T CD4+ lymphocytes in Treg lymphocytes, favoring the anti-inflammatory response [161]. In intestinal macrophages,
SCFA reduces the production of proinflammatory mediators (cytokines) via HDAC
inhibition [182]. Deleting histone deacetylase 3 in intestinal epithelial cells alters
normal microbiota, changes the expression patterns of antimicrobial peptides, and
increases inflammatory processes, suggesting that epigenetic control of the host by
microbiota is a fundamental element in homeostasis maintenance [183]. Although
the epigenetic regulation in Atlantic salmon or rainbow trout has been poorly
studied, at genetic level, both species show a more complex DNA methylation and
histone acetylation/deacetylation systems than mammalians, with several gene
duplications [184], suggesting that this mechanism could also be implied in the
host-microbiota communication.
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Noncoding RNAs (miRNA, lncRNA, and snRNA) are a group of RNAs highly
expressed in cells with several regulatory functions. Among them, microRNAs
(miRNAs) are implicated in the cross talk between mammalian microbiota and its
host immune system [178, 185, 186], while lncRNA are involved in the cross talk
with gut epithelial cells [187]. Commensal microbiota is able to regulate the expression of several miRNAs that target genes involved in the inflammatory process, generating a tolerance state in the gut [188–190]. Among them, two important miRNAs
that regulate the inflammation process are miRNA146 and miRNA155. miRNA146
expression is induced by low doses of LPS and acts as an anti-inflammatory regulator by targeting TNF receptor-associated factor 6 (TRAF6) and IL-1R-associated
kinase 1 (IRAK1), which are involved in the NF-κB pathway. miRNA146 allows the
establishment of postnatal intestinal microbiota in the newborn gut, preventing
inappropriate inflammation. miRNA155 is induced by high concentrations of LPS
and plays an opposite role stimulating the inflammatory process by targeting the
negative regulator of the NF-κB pathway. Recent works using NGS (RNAseq) from
different organs of Atlantic salmon identified 180 distinct mature miRNAs belonging to 106 families of miRNAs [191]. These miRNAs were deposited in the miRBase
database (http://www.mirbase.org). This database currently contains 371 miRNAs
from Atlantic salmon. Among the miRNAs identified in Atlantic salmon, orthologous of miRNA146, miRNA155, and other 15 of 27 miRNAs that participate in the
microbiota-host communication in mammals were found. Currently it is unknown
if the expression of these miRNAs changes according to the composition of Atlantic
salmon microbiota.
The study of the mechanisms underlying the stimulation of immune system
by microorganism that conform the microbiota is an open field for metagenomic
studies searching for association between microorganism, consortia, or microbial
metabolites and the proper immunological function. This approach could help to
understand or help to predict more accurately the impact of environmental factors
triggering outbreaks and to design either new prophylactic or therapeutic strategic
based on microorganism or microbial metabolites. In a more holistic approach, this
also could help to understand if changes in the environmental microbiota are sensed
by the fish or other species which should help to properly assess their impact on the
aquaculture ecosystem.
4.2 Prediction systems: an ecosystem approach
FAO’s ecosystem approach to aquaculture [192] is a “strategy for the integration
of the activity within the wider ecosystem such that it promotes sustainable development, equity, and resilience of interlinked social-ecological systems.” The so-called
aquaculture ecosystem of southern Chile is shared by multiple users, notably by the
salmon and mussel industry and a significant part of the national fishermen task
force that is concentrated in Region X (De Los Lagos Region or Lake District). The
latter depends on seafood collection and commercialization for their subsistence,
and so any serious ecosystem perturbation ends up in conflicting situations affecting
all users, including tourism, also an important player depending on the marine ecosystem. One of the most serious harmful algal blooms (HABs) of Pseudochattonella
verruculosa occurred in the austral summer of 2016 (February–April) killing nearly
12% of the Chilean salmon production (106,000 tons), causing severe mortality of
other fish and shellfish in the coastal waters and interior sea of western Patagonia
[193]. This event exemplifies the inherent complexity of ecosystem perturbations
and its socioecological consequences. But not only users like aquaculture producers
should be blamed by such perturbations since climatic change seems to have created
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the oceanographic conditions that amplified this HAB event. Indeed, the event was
associated to El Niño and the climatic and oceanographic conditions associated to it
[193]. In spite of the ongoing monitoring protocols carried out by different institutions, it has been difficult to understand what factors influence the diversity and
abundance of harmful microalgae population, which is understandable due to the
dynamic and complexity of the marine ecosystem, so a HAB event cannot be understood from the analysis of few variables. Metagenomic studies offer new insights into
the complexity of the marine ecosystem and HAB events by allowing a deeper view
to the microbial diversity that cannot be approached by the traditional microscopic
analysis often used for microalgae identification. Additionally, different sorts of
interactions can be discovered at all levels, particularly between microbes and microalgae [194–198]. It is now known that some bacterial populations could promote
the growth of specific harmful microalgae in species, while some bacteria related to
disease in fish or mollusks could also promote blooms. But, also virus controls the
abundance and activity of microbial populations and microalgae in nature. In short,
the ecosystem associated to HABs is complex and needs a more holistic or integrated
approach. The term holobiome has been suggested to address this complexity:
holo = entity; biome = biological community. An ongoing project funded by the
Japanese government in Chile integrates different Japanese and Chilean universities,
the Instituto de Fomento Pesquero (IFOP), and private and governmental bodies,
under the holobiome concept with the goal to shed light on the mechanisms involved
on algal bloom formation and, at the same time, predict HAB blooms (www.machsatreps.org/en/).

5. Conclusions
1. Chilean aquaculture is the focus of this review considering its local and world
relevance, particularly the farming of exotic salmonids, one of the highly
regarded productive clusters.
2. Given the intensive farming strategy, the cost-effectiveness of the salmon
industry is affected by three critical situations: the outbreak of mortal
viruses, the occurrence and persistence of bacterial diseases, and the scale
of antibiotic usage, one the highest in the world, with serious environmental
consequences.
3. Understanding the interaction between host (fish), microbiota, and environmental microorganisms could be a key factor to develop rational strategies to
improve the productivity by increasing the resistance to infection, reducing
the use of antibiotics and their negative environmental impact.
4. The application of metagenomics to understand host (fish)-microbiotaenvironment interaction in salmon farming is limited, a reality opposed to the
economic gains of the industry. Nevertheless, it has contributed to evaluate
(i) the skin (the first barrier to pathogens or parasites) and gut microbiota of
farmed salmonid subject to different nutritional and growth conditions, (ii)
the function of the microbiota as antagonist against pathogens, and (iii) the
potential function in the nutrition and environmental adaption.
5. Metagenomics has contributed to the identification of probiotic bacteria
in both salmonids and marine fish species with significant benefits to the
industry.
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6. Metagenomics is essential to assess and predict critical environmental
perturbations affecting fish and mollusk species like harmful algal blooms
(HABs). Addressing such a problem requires to have a holistic view of the
ecosystem components and their interactions, including the microbial
diversity.
7. The sustainable expansion and diversification of Chilean aquaculture require
to incorporate metagenomics and other omics tools to successfully deal
with current and new diseases. This is required for aquaculture to be a really
efficient and environment-friendly industry.
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