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Preface

Microbial communities and their hosts (human, plant, and animal) have been coevolved
and coadapted under diverse environmental selective pressures over millions of years.
These hosts rely on integrated interactions of specific microbiome for their successful
survival. The evolution of the meta-omics (metagenomics, meta-transcriptomics, and
meta-proteomics) technologies in sequencing is fostering a detonation of interest in how
the gut and rhizospheric microbiomes impact physiology and propensity to disease.
These advancements in technologies have recently been provided with deeper
understanding of the complexity of the host-microbe association in terms of phylogeny
and function connectivity. Among other host microbiomes, meta-omics technologies
have significantly been carried out on human gut and plant rhizospheric microbiomes.
Those studies have found that small fraction of the whole microbial communities are
always associated with the host, and, assisting in host’s physiology, such microbial
communities sometimes are referred to as a core microbiome. The core microbial
communities are now being used for modulating the host microbiome in order to reduce
the incidence of diseases and improving the health of the hosts. However, much
information of these interesting associations in different research articles is available
from the Western world and has limited availability from Asian counties. In this book,
thus, we have collected several chapters from prominent scientists from Asian counties
which will be available to students at graduate and postgraduate levels.

Presently, a majority of scientists working on microbiology are trying to understand
phylogeny and functional aspects of different host microbiomes. However, rapid
development of these meta-omics technologies makes it hard to retrieve all the required
informations from diverse research reports. The book, thus, will be an excellent
resource to get updated information of different host microbiomes in terms of their
community composition and interactive functions. As it demands tremendous and
dedicated effort, we are extremely thankful to all the authors for their prompt responses
and their contributions. I extend my earnest appreciation to Mr. Kumar of Springer for
his valuable support to facilitate completion of the task.

Ravindra Pal Singh
Ramesh Kothari

Prakash G. Koringa

Satya Prakash Singh
Rajkot, India, Anand, India




Contents
Part I Next Generation Sequence Technology

1 The Omics Era and Host Microbiomes
Ravindra Pal Singh and Ramesh Kothari

2 Uncultivated Lineages and Host—Microbe Interaction in Saline Environment
Kruti G. Dangar, Nirali M. Raiyani, Rupal D. Pandya and Satya P. Singh

3 Exploring Metagenomes Using Next-Generation Sequencing
Jalpa R. Thakkar, Pritesh H. Sabara and Prakash G. Koringa

4 Metagenomics: An Era of Throughput Gene Mining
Bhupendra Singh Panwar and Ruchi Trivedi

5 Prospects and Progress in Extreme Biosphere Microbiome
Pravin Dudhagara, Ramesh Kothari, Anjana Ghelani, Jalpa Rank and Rajesh Patel

Part I Human Microbiome

6 16S rRNA Metagenomics of Asian Gut Microbiota
Juma Kisuse and Jiro Nakayama

7 Human Milk Microbiome: A Perspective to Healthy and Infected Individuals
Chaitanya Joshi and Anju Kunjadiya

8 Role of Gut Microbiome in Neuromodulation
Suganya Kannan, Govindan Krishnamoorthy, Prabha Palanichamy and
Murugan Marudhamuthu

Part III Plant Microbiome

9 Metagenome of Rhizosphere and Endophytic Ecosystem
P. U. Krishnaraj and Malik Ahmed Pasha

10 Unravelling the Interaction of Plant and Their Phyllosphere Microbiome
Chetana Roat and Meenu Saraf

11 A Metagenomic Approach to Identify Distinct Rhizospheric and Endophytic



Bacterial Communities from Roots and Root Nodules of Vigna radiata
Bhagya Iyer and Shalini Rajkumar

12 Metagenomics of Plant Rhizosphere Microbiome
Ravindra Soni, Vinay Kumar, Deep Chandra Suyal, Lata Jain and Reeta Goel

13 Plant—Pathogen Interactions: A Proteomic Approach
Amanpreet Kaur, Anil Kumar and M. Sudhakara Reddy

14 Biochemical and Proteomics Analysis of the Plant Growth-Promoting
Rhizobacteria in Stress Conditions
Kalpna D. Rakholiya, Mital J. Kaneria, Satya P. Singh, V. D. Vora and G. S. Sutaria

15 Endophytic Actinobacteria and Their Interactions with Plant Host Systems
Sangeeta D. Gohel, Amit K. Sharma, Foram J. Thakrar and Satya P. Singh

16 Metatranscriptomic Studies of the Plant Rhizosphere for Finding Biological

Agents
Vishal Kothari, Charmy Kothari, Jalpa Rank, Anjali Joshi, Ravindra Pal Singh and
Ramesh Kothari

Part IV Animal Microbiome

17 Canine and Feline Microbiomes
Corrin V. Wallis, Zoe V. Marshall-Jones, Oliver Deusch and Kevin R. Hughes

18 Recent Advances in the Metagenomics of Marine Mammals Microbiome
Chandra Shekar Mootapally, Paresh Poriya, Neelam Mustakali Nathani,
Balu Alagar Venmathi Maran and Indra Ramjibhai Gadhvi

19 Advancements in Molecular Techniques and Bioinformatics for Understanding

the Rumen Microbiome
Neelam M. Nathani, Amrutlal K. Patel, Chandra Shekar Mootapally,
Ramesh K. Kothari and Chaitanya G. Joshi

Part V Marine Microbiome and Microbial Interaction

20 Multi-omic Approaches for Mapping Interactions Among Marine Microbiomes
Shubhrima Ghosh, Rameshwar Tiwari, R. Hemamalini and S. K. Khare




Contributors

Kruti G. Dangar
UGC-CAS Department of Biosciences, Saurashtra University, Rajkot, India

Oliver Deusch
The WALTHAM Centre for Pet Nutrition, Leicestershire, UK

Pravin Dudhagara
Department of Biosciences (UGC-SAP), Veer Narmad South Gujarat University, Surat,
India

Indra Ramjibhai Gadhvi

Department of Marine Science, Maharaja Krishnakumarsinhji Bhavnagar University,
Bhavnagar, Gujarat, India

Anjana Ghelani
Department of Life Sciences, Hemchandracharya North Gujarat University, Patan, India

Shubhrima Ghosh
Enzyme and Microbial Biochemistry Laboratory, Department of Chemistry, Indian
Institute of Technology Delhi, Hauz Khas, New Delhi, India

Reeta Goel
Department of Microbiology, CBSH, G.B.Pant University of Agriculture and
Technology, Pantnagar, Uttaranchal, India

Sangeeta D. Gohel
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

R. Hemamalini

Enzyme and Microbial Biochemistry Laboratory, Department of Chemistry, Indian
Institute of Technology Delhi, Hauz Khas, New Delhi, India

Kevin R. Hughes
The WALTHAM Centre for Pet Nutrition, Leicestershire, UK

Bhagya Iyer
Institute of Science, Nirma University, Ahmedabad, Gujarat, India



Lata Jain
ICAR-National Institute of Biotic Stress Management, Baronda, Chhattisgarh, India

Anjali Joshi
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Chaitanya G. Joshi
Department of Animal Biotechnology, College of Veterinary Science & Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Mital J. Kaneria
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Suganya Kannan
Department of Microbial Technology, School of Biological Sciences, Madurai Kamara
University, Madurai, Tamil Nadu, India

Amanpreet Kaur

Department of Biotechnology, TIFAC-Centre of Relevance and Excellence in Agro and
Industrial Biotechnology (CORE), Thapar University, Patiala, India

S. K. Khare
Enzyme and Microbial Biochemistry Laboratory, Department of Chemistry, Indian
Institute of Technology Delhi, Hauz Khas, New Delhi, India

Juma Kisuse

Department of Bioscience and Biotechnology, Faculty of Agriculture, Kyushu
University, Fukuoka, Japan

Prakash G. Koringa
Department of Animal Biotechnology, College of Veterinary Science and Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Vishal Kothari

Department of Biotechnology, Junagadh Agricultural University, Junagadh, Gujarat,
India

Charmy Kothari
Department of Biotechnology, Christ College, Rajkot, Gujarat, India



Ramesh K. Kothari
UGC-CAS Department of Biosciences, Saurashtra university, Rajkot, Gujarat, India

Govindan Krishnamoorthy

Department of Microbial Technology, School of Biological Sciences, Madurai Kamara
University, Madurai, Tamil Nadu, India

P U Krishnaraj

Department of Agricultural Microbiology, College of Agriculture, Vijayapura
University of Agricultural Sciences, Dharwad, Karnataka, India

Vinay Kumar
ICAR-National Institute of Biotic Stress Management, Baronda, Chhattisgarh, India

Anil Kumar

Department of Biotechnology, TIFAC-Centre of Relevance and Excellence in Agro and
Industrial Biotechnology (CORE), Thapar University, Patiala, India

Anju Kunjadiya
Center for Interdisciplinary Studies in Science and Technology (CISST), Sardar Patel
University, Anand, Gujarat, India

Balu Alagar Venmathi Maran
Fisheries Science Institute, Chonnam National University, Yeosu, Republic of Korea

Zoe V. Marshall-Jones
The WALTHAM Centre for Pet Nutrition, Leicestershire, UK

Murugan Marudhamuthu

Department of Microbial Technology, School of Biological Sciences, Madurai Kamara
University, Madurai, Tamil Nadu, India

Chandra Shekar Mootapally

Department of Marine Science, Maharaja Krishnakumarsinhji Bhavnagar University,
Bhavnagar, Gujarat, India

Department of Animal Biotechnology, College of Veterinary Science & Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Jiro Nakayama
Department of Bioscience and Biotechnology, Faculty of Agriculture, Kyushu



University, Fukuoka, Japan

Neelam Mustakali Nathani

Department of Life Sciences, Maharaja Krishnakumarsinhji Bhavnagar University,
Bhavnagar, Gujarat, India

UGC-CAS Department of Biosciences, Saurashtra university, Rajkot, Gujarat, India

Prabha Palanichamy

Department of Microbial Technology, School of Biological Sciences, Madurai Kamaraj
University, Madurai, Tamil Nadu, India

Rupal D. Pandya
UGC-CAS Department of Biosciences, Saurashtra University, Rajkot, India

Bhupendra Singh Panwar
Department of Animal Biotechnology, College of Veterinary Science and Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Malik Ahmed Pasha

Department of Agricultural Microbiology, College of Agriculture, Vijayapura
University of Agricultural Sciences, Dharwad, Karnataka, India

Amrutlal K. Patel
Hester Biosciences Limited, Ahmedabad, Gujarat, India

Rajesh Patel
Department of Life Sciences, Hemchandracharya North Gujarat University, Patan, India

Paresh Poriya
Department of Marine Science, Maharaja Krishnakumarsinhji Bhavnagar University,
Bhavnagar, Gujarat, India

Nirali M. Raiyani
UGC-CAS Department of Biosciences, Saurashtra University, Rajkot, India

Shalini Rajkumar
Institute of Science, Nirma University, Ahmedabad, Gujarat, India

Kalpna D. Rakholiya
Department of Biosciences, Institute of Biotechnology, Saurashtra University, Rajkot,



Gujarat, India

Jalpa Rank
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Chetana Roat

Department of Microbiology and Biotechnology, University School of Sciences, Gujarat
University, Ahmedabad, India

Pritesh H. Sabara
Department of Animal Biotechnology, College of Veterinary Science and Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Meenu Saraf

Department of Microbiology and Biotechnology, University School of Sciences, Gujarat
University, Ahmedabad, India

Amit K. Sharma
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Satya P. Singh
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Ravindra Pal Singh
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India
Department of Biological Chemistry, John Innes Centre, Norwich, UK

Ravindra Soni
Department of Agricultural Microbiology, College of Agriculture, Indira Gandhi Krishi
Vishva Vidyalaya, Raipur, Chhattisgarh, India

M. Sudhakara Reddy
Department of Biotechnology, TIFAC-Centre of Relevance and Excellence in Agro and
Industrial Biotechnology (CORE), Thapar University, Patiala, India

G. S. Sutaria

Main Dry Farming Research Station, Junagadh Agricultural University, Rajkot, Gujarat,
India

Deep Chandra Suyal



Department of Microbiology, CBSH, G.B.Pant University of Agriculture and
Technology, Pantnagar, Uttaranchal, India

Jalpa R. Thakkar
Department of Animal Biotechnology, College of Veterinary Science and Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

Foram J. Thakrar
Department of Biosciences (UGC-CAS), Saurashtra University, Rajkot, Gujarat, India

Rameshwar Tiwari

Enzyme and Microbial Biochemistry Laboratory, Department of Chemistry, Indian
Institute of Technology Delhi, Hauz Khas, New Delhi, India

Ruchi Trivedi

Department of Animal Biotechnology, College of Veterinary Science and Animal
Husbandry, Anand Agricultural University, Anand, Gujarat, India

V. D. Vora

Main Dry Farming Research Station, Junagadh Agricultural University, Rajkot, Gujarat,
India

Corrin V. Wallis
The WALTHAM Centre for Pet Nutrition, Leicestershire, UK




About the Editors

Ravindra Pal Singh

1s a research assistant at the Department of Biochemistry, John
Innes Centre, Norwich, UK. He obtained his Ph.D. from CSIR-
CSMCRI, India, in 2013. During his scientific career, he has
received several prestigious scholarships, such as an
outstanding postdoctoral fellowship provided by Tel Aviv
University, Israel, in 2013, a JSPS postdoctoral fellowship in
2013, and a Dr. D. S. Kothari postdoctoral fellowship
provided by the UGC, India, in 2016. He has published 28
articles in different scientific journals and received a patent
while working in the field of microbial ecology and
bacteriology. He can be contacted at ravindrapal.1441(@gmail.com .

Ramesh Kothari

1s currently working as a professor at the Department of
Biosciences, Saurashtra University, Rajkot, Gujarat, India. He
received a Ph.D. in microbiology from the Saurashtra
University, Rajkot, in 2003. Soon after, he joined Christ
College Rajkot where he served as an assistant professor for
14 years. He completed his postdoctoral research at Rutgers
University, Newark, USA. His research work focuses on
bioremediation and metagenomics. He has more than 41
international peer-reviewed research publications to his
credit.

Prakash G. Koringa

has been an assistant professor at Anand Agricultural University (AAU), Gujarat, India,
since 2004. He obtained his Ph.D. from the Department of Animal Biotechnology,
College of Veterinary Sciences and Animal Husbandry, AAU, Anand, Gujarat. His work
focuses on rumen metagenomics and cecal microbiome in broilers and their application
for the host health. He has published several research papers in peer-reviewed journals



as well as a number of book chapters.

Satya Prakash Singh

1s currently working as professor and head at the UGC-CAS
Department of Biosciences, Saurashtra University, Rajkot,
Gujarat, India. He completed his master’s in microbiology
from the G. B. Pantnagar University of Agriculture and
Technology, Pantnagar, India, and carried out his doctoral
research at Griffith University, Brisbane, Australia. Prof.
Singh has worked at the National Food Research Institute,
Tsukuba, Japan, as a visiting scientist and also visited Yangon
University, Myanmar, as visiting professor. Prof. Singh has
been working on the diversity, phylogeny, and enzymatic characteristics of the
halophilic/haloalkaliphilic bacteria, actinomycetes, and archaea of various saline
ecosystems. He has published 82 research papers and contributed 17 book chapters in
various books.




Part |
Next Generation Sequence Technology



© Springer Nature Singapore Pte Ltd. 2017
Ravindra Pal Singh, Ramesh Kothari, Prakash G. Koringa and Satya Prakash Singh (eds.), Understanding Host-
Microbiome Interactions - An Omics Approach, https:/doi.org/10.1007/978-981-10-5050-3 1

1. The Omics Era and Host Microbiomes
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Abstract

Advancement in ‘omics’ technologies permits the quantitative monitoring of the plethora
of biological molecules in natural systems in a high-throughput manner. Such
technologies allow determination of the variation between different biological states
(RNA, DNA and protein) on a genomic scale. From a fundamental knowledge
perspective, no single omics technique can completely disentangle the complexities of
host microbiomes. As a result, several ‘omics’ platforms have been developed in order
to better understand the systems biology of host-microbiome interactions (Zhang et al.
2010). For instance, metagenomics, meta-transcriptomics, meta-proteomics and
metabolomics methods provide information on the meta-genome. Overall changes in the
mRNA or proteins levels of the host microbiome can be determined dynamic changes of
all classes of molecules within a microbiome over a given time period. Integration of
different layers of information obtained from multi-omics approaches are required in
order to paint a meaningful canvas of functional and dynamic interactions of host-
microbiome communities. To date, the application of more than one -omics technology
have been applied to different host microbiomes, including in plant and humans
(Tlaskalova-Hogenova et al. 2011; Fernandez et al. 2013; Tkacz and Poole 2015; Addis
et al. 2016; Lareen et al. 2016). Application of multi-omics approaches to the
microbiome of these hosts unravels their essential functions, which are key throughout
the host’s life cycle; thus, associated microbial communities are sometimes referred to
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as the ‘secondary genome’ of the host (Siboni et al. 2008). This perspective chapter
briefly describes what has been unveiled so far and what still needs to be done in order
to better understand human and plant microbiomes.

Keywords Human microbiome — Plant microbiome — Short chain fatty acid — Omics —
Biocontrol agent

1.1 Introduction

Advancement in ‘omics’ technologies permits the quantitative monitoring of the plethora
of biological molecules in natural systems in a high-throughput manner. Such
technologies allow determination of the variation between different biological states
(RNA, DNA and protein) on a genomic scale. From a fundamental knowledge
perspective, no single omics technique can completely disentangle the complexities of
host microbiomes. As a result, several ‘omics’ platforms have been developed in order
to better understand the systems biology of host-microbiome interactions (Zhang et al.
2010). For instance, metagenomics, meta-transcriptomics, meta-proteomics and
metabolomics methods provide information on the meta-genome. Overall changes in the
mRNA or proteins levels of the host microbiome can be determined dynamic changes of
all classes of molecules within a microbiome over a given time period. Integration of
different layers of information obtained from multi-omics approaches are required in
order to paint a meaningful canvas of functional and dynamic interactions of host-
microbiome communities. To date, the application of more than one -omics technology
have been applied to different host microbiomes, including in plant and humans
(Tlaskalova-Hogenova et al. 2011; Fernandez et al. 2013; Tkacz and Poole 2015; Addis
etal. 2016; Lareen et al. 2016). Application of multi-omics approaches to the
microbiome of these hosts unravels their essential functions, which are key throughout
the host’s life cycle; thus, associated microbial communities are sometimes referred to
as the ‘secondary genome’ of the host (Siboni et al. 2008; Singh and Reddy 2015). This
perspective chapter briefly describes what has been unveiled so far and what still needs
to be done in order to better understand human and plant microbiomes.

1.2 The Human Microbiome

Comparative functional annotation of genomic sequences and metabolome profiles of
the human gut microbiome have provided information regarding genome structures, gene
functions, metabolic and regulatory networks, as well as the evolution of associated
microbial genomes (Lin and Qian 2007; Chu and Mazmanian 2013; Nakayama et al.
2015; Reck etal. 2015; Addis et al. 2016; Despres et al. 2016). Revolutionary
improvements in high-throughput DNA sequencing technology (metagenomics)



identified more than 1000 phylogenetically distinct microbial genomes from the human
gut, of which the major phylogenetic lineages have been fully sequenced (Medini et al.
2008; Kyrpides 2009). Gut microbiota are reported to have a positive impact on key
host functions related to the immune and nervous systems, in the prevention of disease
and also in development and behaviour (Tlaskalova-Hogenova et al. 2011; Luczynski et
al. 2016; Mu et al. 2016; Schuijt et al. 2016). The structures of gut microbial
populations are shaped by food stuffs, in particular (Graf et al. 2015; Nakayama et al.
2015). Moreover, modulating the gut microbiome highlights the importance of common
microbial communities which perform several functions, such as maintenance of
structural integrity of the gut mucosal barrier, metabolising dietary substances and
immunomodulation, providing protection against different pathogens (Zhang et al.
2015). A balanced equilibrium of symbiotic, common and pathogenic microbial species
1s necessary for correct functioning of the intestine, for instance (Round and Mazmanian
2009).

Cell surface appendages (microbial-associated molecular patterns, MAMPs) of
bacteria are key factors for host-microorganism crosstalk through host pattern
recognition receptors (PRRs), such as lectins (Martens et al. 2009; Chu and Mazmanian
2013). These MAMPs of probiotic bacteria, such as Lactobacillus, Bacteroides and
Bifidobacteria species, are associated which modulate the function of phagocytic cells
and could be beneficial for fighting cancerous growths in the host or mitigating pathogen
infection (Lebeer et al. 2010). On the basis of clinical, epidemiological and
immunological studies, we understand that disruption of these communities can lead to
the development of gastrointestinal (GI) tract diseases, including inflammatory bowel
disease (IBD) (De Wouters et al. 2012; Greenblum et al. 2012; Forbes et al. 2016;
Schulberg and De Cruz 2016). Thus, mapping out MAMP-PRR interactions in the gut
would allow for the development of selective probiotic treatments on the GI tract
dysfunction. Understanding the molecular interactions concerned will not be
straightforward; however, integration of whole genome sequencing through
metagenomics and metatranscriptomics as well as metabolomics analyses will certainly
add further information to the field.

Gut microbial communities play a vital role in the digestion of food fibre and
subsequently converts it into short-chain fatty acids (SCFA) (Rogowski et al. 2015).
SCFA (acetate, butyrate and propionate) are important anions and energy sources in the
colonic lumen, where they also modulate colonocyte morphology and function (Den
Besten et al. 2013). Butyrate produced by Clostridium butyricum has been reported to
exert anti-tumorigenic and anti-inflammatory effects (Nakanishi et al. 2003) as well as
growth inhibition of other enteric pathogens (Zhang et al. 2016). Acetate and propionate
are incorporated into lipid and glucose metabolism, respectively, in the liver (Rombeau
and Kripke 1990). Supplementing the diet or altering dietary polysaccharide can
influence abundance of specific microbial populations. For instance, arabinoxylan can



modulate populations of Bifidobacteria, Bacteroides and Lactobacillus (Sanchez et al.
2009; Riviere et al. 2014). This specificity indicates that particular carbohydrates can
select for specific microbial populations, as occurs in dysbiosis conditions of the gut.
So far, starch utilisation system (sus)-like strategy has been reported for the gut
commensal Bacteroides thetaiotaomicron for starch degradation (Martens et al. 2009);
it remains unclear whether similar examples occur in other probiotics. However, much
work is still required to determine precise carbohydrate-microbe associations and how
gut microbial communities degrade diverse food fibres. It is expected that the
application of multi-omics tools will provide such information. For instance, applying
metatranscriptomics approach will provide insight how different carbohydrates alter
expressions of genes of a particular bacterium, and then proteomics analysis will give
information about enzymes of the bacterium involved in that carbohydrate degradation.
Applying different analytical tools will help to figure out what is the structure and
linkage pattern in the particular carbohydrate.

Studies have suggested that some bacteria present in the mother’s gut can access the
mammary glands during late pregnancy and lactation (Fernandez et al. 2013; Rodriguez
2014). Bacteria are transferred from GI to breast milk via entero-mammary pathway—
involving mononuclear immune cells (Rodriguez 2014). Accumulating microbial
communities in the mammary glands subsequently become part of the human milk that
sets up the primary line of protection for infants and contributes to the maturation of
their immune system and preventing expression of immune-mediated diseases (Morrow
and Rangel 2004; Addis et al. 2016). Milk components, such as galactooligosaccharides
(GOSs), act as a prebiotics, modulating the infant gut microbiome and in particular
promoting populations of the probiotics, such as Bifidobacteria and Lactobacillus
(Rautava et al. 2012). Little 1s known about the composition and function of milk
microbiota; thus improved understanding is likely to improve our view of the aetiology
and dynamics of sub-clinical and culture-negative mastitis as well as informing the
management of the mammary gland and offspring health. In addition, 1t will likely lead
to the development of novel strategies for preventing mastitis and improving its’
management.

1.3 The Plant Microbiomes

The microbiomes of plants have been categorised into the rhizospheric, the
endorhizospheric and the phyllospheric (Berg et al. 2016). The distinctness of microbial
communities in these ecological niches can be shaped by aerial surfaces, tissue types
and surrounding environmental factors (Gottel et al. 2011; Vorholt 2012). The
phyllosphere niche is nutrient poor and regularly exposed to variation of temperature,
radiation and moisture (Vorholt 2012). In contrast, the rhizospheric niche is nearest to
the plant root system and is relatively rich in nutrients that are derived from and



influenced by deposition of mucilage and root exudates (Koranda et al. 2011). It had
been established that such host exudates play an important role in shaping specific
microbiomes that are influenced by both chemo-attractants as well as repellents (Bais et
al. 2006; Wu et al. 2015). The endorhizospheric microbiome is a subgroup of the
rhizobacterial communities, which have the capability to enter into root hair (Prieto et
al. 2011). Microbial communities of these niches promote growth of the host through
suppressing growth of plant pathogens and by producing plant growth hormones (Prieto
etal. 2011; Tkacz and Poole 2015; Lareen et al. 2016). Moreover, the rhizospheric
microbiome contributes to biogeochemical cycles that produces several chemical
elements required for normal plant growth (Rousk and Bengtson 2014). Much of the
taxonomical and functional complexities of these communities were not available until
recently and have become available due to the development of high-throughput genome
sequencing methods (Berendsen et al. 2012; Bakker et al. 2013; Turner et al. 2013).

Multi-omics technologies have been applied to these niches, and it is evident that
the associated microbial communities are taxonomically and functionally well separated
among different areas of the plant host (Gottel et al. 2011; Vorholt 2012; Bulgarelli et al.
2013; Knief 2014; Mendes et al. 2014). Metagenomics has been applied to the
rhizospheric microbiome of a variety of host plants (such as Arabidopsis, rice) that had
been subjected to different environmental factors in order to understand how microbial
communities are shaped by external stimuli, as summarised by Turner et al. (2013) and
Mendes et al. (2013). Most of the rhizospheric microbial communities comprise
Proteobacteria, Firmicutes and Actinobacteria taxa, though their composition is
constantly changing according to the different developmental stages of the host
(Lundberg et al. 2012), the cultivars and the types of soil (Mendes et al. 2011; Weinert
etal. 2011). Microbial communities of the phyllospheric environment are much more
dynamic than those from rhizospheric regions but are commonly composed of similar
taxa to rhizospheric zones (Bodenhausen et al. 2013). Knief et al. (2012) applied meta-
proteogenomics to a study on the microbiome present in both the phyllosphere and
rhizosphere of the rice and concluded that phyllospheric microbial communities are
shaped by potentially assimilating plant-derived simple carbohydrates, ammonium and
amino acids. Additionally, high expression of microbial stress and transport response
proteins (porins, components of ATP binding cassette transporters and TonB-dependent
receptors) indicates the nutrient poor environment of the phyllosphere. Moreover, some
of the genes involved in the nitrogen fixation (such as nifH) are exclusively expressed in
the rhizospheric as compared to phyllospheric microbiome region. Metabolic footprint
studies of Ryffel et al. (2016) identified plant-derived simple carbohydrates such as
sucrose, fructose and glucose at the phyllospheric zone. Alteration in these sugar in
leaves of Arabidopsis thaliana was observed only after colonisation by the
organoheterotroph Sphingomonas melonis or the phytopathogen Pseudomonas syringae
pv. tomato, indicating these are probably the primary carbon sources in the



phyllosphere. Metabolomic studies also determined that the phyllospheric microbial
communities influence host-derived arginine metabolites and phytoalexin biosynthesis
after occupying their surface. Thus, high-throughput proteomics and metabolomics
studies can dramatically enhance our perception of molecular basis of plant-microbe
association.

Prior to development of high-throughput methods, endophytic communities were
considered as contaminants, though some were suggested as symbionts of the host (Ryan
et al. 2008). Endophytes of asymptomatic and symptomatic anthracnose of Paullinia
cupana was assessed by culture-dependent and 16S rRNA clone libraries, where clone
libraries revealed more different phylogenetic microbial communities compared to
culture-dependent methods (Bogas et al. 2015). However, Lundberg et al. (2012)
studied pyrosequencing of the bacterial 16S rRNA gene of the surrounding root
rhizosphere and endophytic compartment of more than 600 A4. thaliana plants, those
were grown on different soil types and belonging to different developmental stages. The
study identified a core endophytic microbiome, related to Proteobacteria and
Actinobacteria, which is consistent between different soil types and development
stages. Such types of microbial community are localised and probably functionally well
connected with host metabolic processes; they are therefore sometimes referred to as
‘core communities’ (Turner et al. 2013).

A vast range of studies have been carried out to understand phylogenetic nature of
microbial communities associated with diverse hosts and during their different life
stages as mentioned above. Though, there is a strong need to understand which
microorganisms are active in different parts of plant and what they are doing during
different development life stages of the host. Until now, the majority of studies include
biomarkers for explaining the function of genes using different molecular tools, as Yang
etal. (2011) used biomarker to determine nitrogen status in maize. Reporter genes
enable the assessment of how specific microbial members of the rhizosphere perceive
their environment in terms of chemical, physical and biological stimuli (Deangelis et al.
2005; Steindler and Venturi 2007; De Werra et al. 2008). There is no clear picture of the
overall functional role of the plant microbiome, though some studies have used -omics
tools to understand aspects of their function (Delmotte et al. 2009; Wang et al. 2011;
Knief et al. 2012). These studies have identified some of the proteins that could not
previously be evaluated using biomarker assays. Identifying functions of the plant
microbiome could enhance sustainable agriculture (Berg 2009; Lundberg et al. 2012).
These advancements could be achieved by using beneficial microorganisms as
biofertilisers, as biocontrol agents or as stress protection products. A better functional
understanding of the plant microbiome might be vital to prevent the outbreak of
rhizospheric plant diseases. For instance, a succession of plant disease managements
has been achieved via transferring active beneficial microbiome by mixing diseased
suppressive soils with the infected conducive soils (Mazzola 2007). Given these



achievements, we suggest that in future multi-omics tools should be applied to plant-
microbial interaction studies for better understanding their functional complexities.
Results of those studies will help to improve crop management through active beneficial
microbiome modulation.

As mentioned above, much work still needs to be done in different host
microbiomes in order to improve experimental protocols and computational
methodologies. These improvements will help us to integrate analysis of multiple
‘omics’ datasets in order to generate new knowledge with which to decipher complex
biological systems.
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Abstract

The culture-independent approaches can contribute to untold properties of
microorganisms. The host and microbe interactions explored through the metagenomics,
metatranscriptomics, and metaproteomics approaches reveal the function of the
ecosystem. The extremophilic communities can be detected by screening of genes,
proteins, and enzymes directly from the environmental samples based on the marker
genes and reference species. Evaluation of the host-microbe interaction based on
models and libraries generates hidden metabolic pathways to explore the types of
interactions. The identification of the unfamiliar microbial species based on functions
and sequences of the host-microbe interaction opens new arena of the adaptation in
extreme ecosystems, including saline habitats.

Keywords Saline habitats — Metagenomics — Metatranscriptomics — Metaproteomics —
Metagenomic libraries — Host—microbe interaction

2.1 Introduction

The host-microbe interactions are based on inter-intra networking (Cordero and Datta
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2016) and the new dimensions of host-microbe interactions are identified on the basis
of culture-independent approaches (Doolittle and Zhaxybayeva 2010; Franzosa et al.
2015). Culture- independent methods allow the analysis of the ecosystem on the basis of
microbial taxonomic group with functional traits and their interactions with host
(Herrmann and Shann 1997; Carpenter-Boggs et al. 1998; Klamer and Biith 1998;
Riddech et al. 2002; Tiquia and Michel 2002; Behzad et al. 2016). Extreme environment
1s identified with extreme traits (Gohel and Singh 2015; Thumar and Singh 2009). High-
throughput sequencing methods generate information regarding structure and function of
genes, metabolic pathways, and evolution of microbial genomes (Zhang et al. 2010).
The sequencing of the whole microbial community DNA by shotgun metagenomics
provides information on the genes present in the ecosystems. Metagenomic approaches
now a days are being used in marine symbiotic systems to search information regarding
the microbes and their associated host (Woyke et al. 2006). Metatranscriptomics relates
to the expression of the mRNA within microbial community toward the identification of
the genes or genetic pathways, while transcriptomics is the analysis of the mRNA
molecules, produced in one cell or a population of cells (Zhang et al. 2010). Proteomics
1s the analysis of the expressed proteins by a cell, tissue, or organism under a specific
physiological condition (Woyke et al. 2006). In this chapter, we describe host-microbe
interactions in their habitats. Applications of various omics approaches are highlighted
with respect to occurrence, adaptation, and detection of interaction in saline habitats.

2.2 Culture-Independent (Meta-analysis) Approaches
2.2.1 Metagenomics

It is well established that only less than 1% of the microorganisms are cultivable under
the laboratory conditions, while the remaining majorities are viable in environment and
remain non-cultivable in laboratory (Amann 2000; Ward et al. 1990; OQvreds 2000;
Floyd et al. 2005; Handelsman 2004). The term metagenomics, first introduced by
Handelsman (Handelsman et al. 1998), relates to the environmental genomics and is
based on the isolation of total nucleic acids from environmental samples, further
subjected to sequencing and construction of libraries. This helps to explore uncultivated
microbial communities of the ecosystem (Zeyaullah et al. 2009; Streit and Schmitz
2004; Cowan et al. 2015).

It 1s difficult to isolate good quality of total genomic DNA in sufficient amount from
extreme environments. Several methods have been reported to extract the metagenomic
DNA from different extreme environments (Stein et al. 1996; Venter et al. 2004; Purohit
and Singh 2009; Daniel 2005; Abulencia et al. 2006; Wu and Sun 2009; Siddhapura et
al. 2010; Behzad et al. 2016). High-molecular-weight metagenomic DNA have been
analyzed by sequences and function-based approaches by constructing libraries



followed by the expression of genes in suitable cloned vectors (Bertrand et al. 2005;
Martin-Laurent et al. 2001; Warnecke and Hess 2009). Functional screening of the total
genomic DNA is carried out by constructing the libraries followed by the screening for
novel traits (Henne et al. 1999; Rondon et al. 2000; Handelsman et al. 1998; Krsek and
Wellington 1999). However, metagenomic libraries generate large number of
hypothetical proteins as indicated in the databases (Handelsman 2004).

After successful amplification and sequencing whole genome of single cells,
sequencing methods for metagenomics have been developed (Marcy et al. 2007;
Muimann et al. 2007; Bentley 2006). The pyrosequencing based on GS-FLX platform
and Illumina sequencing based on bridge clonal amplification by reversible dye
terminator generated highest average length 750 and 300 bp, respectively (Edwards et
al. 2006; Turnbaugh et al. 2009; Qin et al. 2010). The advance versions of sequencing
by NeSSM: a Next-generation Sequencing Stimulator for Metagenomics and Shotgun
metagenomics (Jia et al. 2013; Schmidt et al. 2014), added to the knowledge of the
unexplored ecosystems (Singh and Campbell 2009; Segata et al. 2013; Warnecke and
Hess 2009). The metagenomic DNA from seawater of Northwest Atlantic to the Eastern
Tropical Pacific contained 6.3 billion bp of sequences and 1.6 Gbp of unique
metagenomic DNA sequences obtained from Sargasso Sea (Rusch et al. 2007; Yooseph
etal. 2007; Venter et al. 2004). These generated informations about more than ~264,949
organisms, ~123,516 sequencing projects, ~18,188 biosamples, and ~100,334 analysis,
in the database (http://gold.jgi.doe.gov, Genome online Database GOLD: December
2016).

2.2.1.1 Holobionts and Hologenomes

The major challenge is posed in the exploration of the host-microbe interaction using
culture-independent techniques. In 2011, new terms, holobiont or metaorganism, were
suggested for the host-associated microbial community (Bosch and McFall-Ngai 2011).
The analysis of the metagenomic DNA sequences and functions highlighted on the
genomes of uncultivated microbes to understand interaction based on metabolic network
in ecosystem (Vieites et al. 2009). A marine worm Olavius algarvensis was studied by
constructing metagenomic library of pMCL200 and pCC1FOS host. It identified the role
of symbionts sculpture-oxidizing and sulfate-reducing bacteria for providing nutrients to
host (Woyke et al. 2006). The phylogenetic analyses of the host-associated microbial
sequences indicated the wide phenomenon of the interaction occurring in the
environment (Vieites et al. 2009). However, the analysis of the host-microbe interaction
based on the culture-independent approaches faces difficulties in identification of
dissimilar sequences. Based on the analysis of large number of samples collected from
the surface marine, freshwater, and hypersaline of the Sorcerer II Global Ocean, it was
revealed that most of the viral sequences were dissimilar and hard to establish the host-
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associated viral genome (Williamson et al. 2008; Tettelin et al. 2005).

2.2.2 Metatranscriptomics

Metagenomics and metatranscriptomics relate to the genes and their expression by
extracting the total DNA and RNA, respectively, in an ecosystem (Doolittle and
Zhaxybayeva 2010; Franzosa et al. 2015). Metatranscriptomics is carried out by reverse
transcription to generate cDNA followed by the sequencing using metagenomic
platforms (Warnecke and Hess 2009). Metatranscriptomic analysis relates to SSU rRNA
database on the basis of the coding and non-coding RNAs (Caporaso et al. 2010;
Schloss et al. 2009; Preheim et al. 2013; Gottesman 2002; Bejerano-Sagie and Xavier
2007). The transcripts of marine and freshwater bacterioplankton generated insight into
the microbial communities (Poretsky et al. 2005). On a similar account, the interaction
of free-living and particle-associated microorganisms with symbiont phytoplankton was
explored by metatranscriptomics of carbon, nitrogen, phosphate, and sulfur cycles
(Satinsky et al. 2014).

2.2.3 Metaproteomics

Metaproteomics relates to the analysis of the entire protein directly from the
environmental samples using 2-dimentional gel electrophoresis or high-performance
liquid chromatography and high-throughput mass spectrometry (Wilke et al. 2003;
Nesatyy and Suter 2007; Domon and Aebersold 2006; Wilmes and Bond 2004, 2006;
Benndorf et al. 2007). Energy and nutrient limitation pathways of free-living and
symbiotic bacteria were analyzed by metaproteomics in marine Olavius algarvensis
(Kleiner et al. 2012).

2.3 Habitats and Host—Microbe Interaction

Various microorganisms are affected by the dissolved metals in different concentrations
(Ventosa et al., 2015; Behzad et al. 2016). Culture-independent approaches have
identified the distribution of prokaryotes, eukaryotes, archaea, and viruses in saline
habitats (Purohit and Singh 2009; Oren 2011; Benlloch et al. 2002; Santos et al. 2012;
Luk et al. 2014; Narasingarao et al. 2012; Dillon et al. 2013). Haloquadratum was
abundantly present in 19% NaCl saltern and being less abundant in reduced NaCl
saltern (Ghai et al. 2011; Fernandez et al. 2014a, b).

Biological interactions are studied by different length scales, such as 1-10 um for
single cell interaction (Cordero and Datta 2016). The macro-environment is generated
by the meta-population at scale of centimeters to meter, further expanded from meters to
kilometers (Cordero and Datta 2016). Kirchman et al. (2010) explored a scale of 1-
1000 um to distinguish the ocean community. The pink berries at 500 pumto 1 cm scale



were used for the sulfur cycling consortia of the Sippewissett Salt Marsh (Wilbanks et
al. 2014). The microbial communities of the photic and aphotic zones of oceans have
been analyzed by metagenomic method (Ghiglione et al. 2012).

The community dynamics and interaction are governed by time and interval of
sampling. Dakos et al. (2008) investigated species composition affected by seasonal
changes in ocean. The omics data examined on time series techniques identified
periodical patterns (Fuhrman et al. 2006; Gilbert et al. 2012; Hekstra et al. 2012,
Beninca E et al. 2008). The pH and temperature affect the habitats without the
interaction of species (Faust et al. 2015). Population structure of Prochlorococcus was
studied by cell-cell comparison in large number of subpopulations (Kashtan et al.
2014). Temperature-induced variability in the population of Prochlorococcus was
observed in Atlantic Ocean (Johnson et al. 2006). Biosynthesis of indole-3-acetic acid
(IAA) through the mutualistic interactions of Pseudo-nitzschia multiseries with
Sulfitobacter in costal water was studied by the transcriptomic analysis (Amin et al.
2015).

2.4 Analysis of the Host—Microbe Interaction by

Metagenomics, Metatranscriptomics, and Metaproteomics

Marine microorganisms are capable to live under the extremities of high salinity,
pressure, and temperature. Therefore, they have developed ways to protect themselves
against these challenges. The analysis of the host and microbes interaction can lead to
the better understanding of the marine ecosystem. The host and its microbial community
are referred as holobiont or metaorganism (Bosch and McFall-Ngai 2011). To access
the information on the host-microbe interaction metagenomics, metatranscriptomics and
metaproteomics approaches are quite useful. With the advancements in nucleic acid
sequencing, high-throughput sequencing platforms are developed. During the last
several years, many biomarkers have been developed to characterize microbial
population. It includes DNA/RNA sequencing, PhyloChip, GeoChip, and mass
spectroscopic-based proteomics for the analysis of the community and their metabolite
pathways (Zhou et al. 2015). GS 20 pyrosequencing system analyzed the interaction
between Kingman coral reef and Proteobacteria, Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes, and Planctomycetes (Krause et al. 2008). Similarly, Porites
astreoides, another coral, and Proteobacteria, Firmicutes, Cyanobacteria, and
Actinobacteria were also analyzed (Dinsdale et al. 2008). Another example of the
metagenomic study relates to the coral Porites astreoides, where Proteobacteria,
Firmicutes, Cyanobacteria, and Actinobacteria were identified (Wegley et al. 2007).
Metatranscriptomics provides information related to gene expression in the entire
microbial community. mRNA transcripts code for housekeeping genes, such as



elongation factors, DNA gyrase and sigma factors, ATP binding cassette (ABC) and
tripartite ATP-independent (TRAP) transporter, extracellular solute binding proteins
(SBP), and TonB-dependent transport systems (TBDT) (Kopfet al. 2015). Total RNA
extracted from gill of Solemya velum from Rhode Island was linearly amplified and
converted into cDNA. The metatranscriptome sequenced in Roche Genome Sequencer
FLX instrument suggested that bacterial transcripts coded for genes related to sulfur
oxidation pathway. The relative abundance of Gammaproteobacteria transcripts clearly
suggested its dominant role in sulfide metabolism under the symbiotic conditions
(Stewart et al. 2011).

Metaproteomics identifies the expressed proteins in an ecosystem to determine the
function of the microbial community (Wang et al. 2014). Metagenomics and
metaproteomics in combination explored metabolic interaction of the host and symbiont
of Sargasso Sea. The assimilation pathway under the symbiotic conditions of the host
has been studied and elucidated up to certain extent. A total of 2215 peptides mapped to
236 SAR11 proteins; 1911 peptides mapped to 402 Prochlorococcus proteins and 2407
peptides mapped to 404 Synechococcus proteins identified by capillary liquid
chromatography (LC)-tandem mass spectrometry in Sargasso Sea to detect microbial
proteins (Sowell et al. 2009). Metaproteomics analysis of South Atlantic surface
seawater revealed the presence of two different proteins by the mass spectrometry. One
of these two proteins, TonB-dependent transporters (TBDT), is a membrane protein
involved in nutrients transport across the outer membrane of bacteria. While the other
protein identified as rhodopsin closely relates to four bacterial phyla Chloroflexi,
Proteobacteria, Cyanobacteria, and Actinobacteria. Both these proteins are thus
involved in energy generation in phototrophic bacterioplankton (Morris et al. 2010).
PAGE and liquid chromatography in combination aided proteomics analysis of the
chemosynthetic association of a gutless marine worm and its bacterial symbionts, J-
Proteobacteria and y-Proteobacteria (Kleiner et al. 2012). The various omics
approaches help to understand the interactions of sponge and cultivable and
uncultivable microorganism.

The metagenomic DNA sequenced on Roche 454 Titanium platform generate data
sets comparable to metaproteome analysis. The metabolic interactions are involved
with carbohydrate transport, posttranslational modification, protein turnover, chaperone
functions, and signal transduction. It’s further revealed that molecular chaperonin GroEL
(HSP60 family) and outer membrane receptor proteins CirA and OmpA are involved in
COG analysis. Therefore, metaproteomics data can be correlated with the physiological
properties and activities of the sponge-microbial interaction (Liu et al. 2012).
Cyanophycin synthetase (cphA) is responsible for the synthesis of cyanophycin (multi-L-
arginyl-poly-L-aspartate), a storage polymer, detected in the deep-sea symbionts
(Gardebrecht et al. 2012). Metagenomic DNA of two sponges Stylissa carteri (SC) and
Xestospongia testudinaria (XT) from the Red Sea coast of Saudi Arabia was extracted



followed by the PCR amplification with Bac27F and Bac1492R bacterial primer.
Genomic DNA and RNA libraries prepared by TruSeq kit (Illumina, USA) were used to
analyze the metatranscriptomes of the microbial consortia in SC and XT (Ryu et al.
2016).

2.5 Detection of Phylogenetic Marker

Microbial communities associated with host are studied by using phylogenetic marker
genes. Microbial diversity of an environment can be analyzed on the basis of conserved
marker genes, such as 16S rRNA genes, recA or radA and genes encoding heat shock
protein 70, elongation factor Tu, or elongation factor G and rpoB (Simon and Daniel
2011; Case et al. 2007). With the advances in sequencing platforms, comprehensive
phylogenetic analysis of the microbial community has become possible (Metzker 2010).
The 454 pyrosequencing technique allows high-throughput sequencing of hyper variable
regions of 16S rRNA genes providing higher coverage of the microbial diversity as
compared to the Sanger sequencing technique. Pyrosequencing technique provides
sufficient phylogenetic information with the possibility of using multiple environmental
samples in a single run.

The marine sponges from Queensland in Australia were studied for “sponge-
specific” 16S rRNA PCR amplicons. The study revealed the presence of Poribacteria;
Cyanobacteria; Chloroflexi; Acidobacteria; Alpha-, Gamma-, and Deltaproteobacteria;
Actinobacteria; Spirochaetes; and Nitrospirae (Webster et al. 2010). Novel 16S rRNA
genomic markers were identified from the microbial community in association with the
sponge may suggest specific mechanisms for the interaction (Thomas et al. 2010). The
proteomics study indicated the presence of the uncultured Actinobacteria clusters
(Morris et al. 2010). Based on 16S rRNA gene pyrosequencing data,
Gammaproteobacteria, Uncultured Deltaproteobacteria, Roseomonas, unclassified
Clostridia, Capnocytophaga, Crenarchaeota, Nitrospira, Thermoplasmata, and
Acidobacteria are recently detected and reported from the Red Sea (Cao et al. 2015).
Similarly, the analysis of the metatranscriptomes of vent snail Alviniconcha collected
from Kilo Moana, Tow Cam, ABE, and Tu1 Malila has been carried out using 454
pyrosequencing/quantitative PCR suggested the presence of y- and e-proteobacteria
(Sanders et al. 2013). Bacteria and Archaea, such as Cyanobacteria, Crenarchaeota,
Euryarchaeota, Thaumarchaeota, Actinobacteria, Firmicutes,Alphaproteobacteria,
Betaproteobacteria, Deltaproteobacteria, Gammaproteobacteria, and Bacteroidetes,
were identified from deep-sea Northeast Pacific Ocean using metagenomic and
metatranscriptomic analysis (Wu et al. 2013).

2.5.1 Reference Species for Host—Microbe Interaction



The 1dentification of the reference species specific to host-microbe interactions in
saline habitat is difficult. The draft genome of symbiotic cyanobacteria Candidatus
Synechococcus spongiarum in sponge Carteriospongia foliascens from Red Sea
indicated the absence of essential genes in cyanobacteria for photosynthesis and DNA
repair mechanisms (Gao et al. 2014). Wagner-Débler et al. (2010) reported complete

genome sequence of Dinoroseobacter shibae DFL12T coding for 4198 protein of
vitamin B, and B, synthesis. This can be beneficially related to its host marine

microalgae Isochrysis galbana and dinoflagellates.

The symbiotic relationship of cyanobacteria and haptophytes in North Atlantic
Ocean was recognized by metagenomic analysis of the phylogenetic markers (Krupke et
al. 2014). On a similar note, sulfur oxidizing and reducing bacteria were identified by
functional molecular markers cbb, soxB genes, and nifH gene in a hypersaline
environment (Turova et al. 2013; Kovaleva et al. 2011; Tourova et al. 2013). The
nitrogen fixation and carbon exchange were studied in uncultured cyanobacterium
Candidatus atelocyanobacterium thalassa under the symbiotic relationship with its
host algae (Thompson et al. 2012). Thus, unique interactive features of the host and
microbes interaction can be identified on the basis of the molecular signatures.

The advancement in sequencing technology coupled with the computational tools has
greatly helped the microbiome analyses to investigate the habitat (Segata et al. 2013;
Qin et al. 2010; Chaffron et al. 2010; Larsen et al. 2012). More recently, the omics data
were subjected to the Lotka—Volterra model to identify mutualism and antagonism
(Cordero and Datta 2016). New tool such as metaSHARK (metabolic search and
reconstruction kit) web server available at http://bioinformatics.leeds.ac.uk/shark/ is
helpful to visualize KEGG metabolic network (Hyland et al. 2006; Segata et al. 2013).
Similarly, SPIEC-EASI, freely accessible at https://github.com/zdk123/SpiecEasi, can
be used to elucidate the sequencing based network (Kurtz et al. 2015).

2.6 Detection of Host—Microbe Interaction by Various
Techniques Is Displayed in Table 2.1

Table 2.1 Summary of various techniques to classify the host-microbe interactions in various saline environments

Sr. |Technique Host—microbe interaction Habitat Outcome Reference(s)
no.
1 |Environmental Microbial communities associated |Deep sea Analyze and monitor the |Tringe et al.
genomic tags or with whale carcasses microbial communities | (2005)
EGTs metabolic framework

2 |Roche 454 GS-FLX |Halovirus and Haloquadratum Santa Pola  |Many environmental Garcia-
system walsbyi and Salinibacter ruber salterns viruses belong to Heredia et al.
unknown groups or prey |(2012)



http://bioinformatics.leeds.ac.uk/shark/
https://github.com/zdk123/SpiecEasi

on uncultured and little

SIP, and protein-
SIP

known cellular lineages

3 |Flow cytometer, Haloquadratum walsbyi, S. ruber |Santa Pola | Viruses infecting the Martinez-
Virochip, M8, S. ruber M31, Candidatus salterns ubiquitous Garcia et al.
Nanohaloarchaeal |Nanosalinarum J074AB56, hyperhalophilic (2014)
chip Candidatus Nanosalina sp. Nanohaloarchaeota

JO7ABA43, host SAG D14) along (microbial dark matter,
with a total of 43 viruses the uncultured fraction of
the microbial world)

4 | Combination of Uncultured methane-oxidizing Anoxic Provide evidence for McGlynn et
FISH and mass archaea and sulfate-reducing marine syntrophic coupling al. (2015)
spectrometry-based | bacteria sediments through direct electron
techniques, transfer
NanoSIMS

5 |Ilumina HiSeq2000,| Marine oligochaete worm Olavius |Bay of Bacteria provide nutrition| Wippler et al.
2D-LC-MS/MS algarvensis and sulfur-oxidizing Sant’ Andrea, [to worm (2016)

and sulfate-reducing bacteria Elba, Italy

6 |Proteomic approach|R. pachyptila Hydrothermal| Provide benefits in Markert et al.
based on the vents energy metabolism to (2007)
metagenome worm
sequence

7 |RNA-SIP Marine sediments with acetate Manganese |lIdentified Arcobacter | Vandieken et

utilizing manganese-reducing oxide-rich Colwellia- and al. (2012)
bacteria sediment Oceanospirillaceae-

affiliated bacteria as the

main acetate-oxidizing

manganese reducers

8 | Combination of SIP |Role of methanotrophs in lake Lake Transcripts of the Dumont et al.
and sediment sediment methane monooxygenase|(2013)
metatranscriptomics genes pmoCAB

9 |Combination of Microbiota at marine seeps Marine Sulfate-reducing alkane |Kleindienst et
rRNA-SIP, DNA- sediments degraders al. (2014)

biotechnology.

Conclusion The culture-independent methods are employed to explore the
microbial diversity with respect to host. Advanced computational tools clearly
identify the functionally contributing traits to elucidate the host-microbe interaction
in saline ecosystem. Uncultivated lineages are unique and can be extremely useful in
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Abstract

Metagenomics or community genomics refers to the study of genomic DNA of any
culture-independent analysis of microbial communities. Non-culturable microbial
groups represent the huge majority of global microorganisms. Microbial populations
present in every biological niche even humans body carry 10 times more bacterial cells
and 100 times more bacterial genes than its own cells and genes. Microbes also hold the
secret key for generating renewable biofuels and bioremediation. The next-generation
sequencing (NGS) technology provides advantage of parallel sequencing of thousands
of sequence from any samples including environmental and clinical without cultivation
of it. High-throughput data generated by NGS provides information about vibrant nature
of microbial populations and its effect on the atmosphere and health. So, advantages of
next-generation sequencing (NGS) technology make metagenomics among the fastest
growing research field. In this chapter, we tried to explain the advancement in NGS
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technology as well as its suitability and approaches to explore metagenomics.

Keywords NGS — Metagenomics — Illumina — PacBio

3.1 Metagenomics: A Step Ahead in Microbial Ecology

The first large-scale metagenomic sequencing study was performed from Sargasso Sea
surface water, an environmental sample to examine microbial populations through
shotgun sequencing using Sanger platform which generated 1.045 Gb data and found two
viral community among which 65% were novel viral sequence with only 2-3%
sequences were from dominating population (Venter et al. 2004). They estimated more
than 1800 genomic species in the sample, including 148 novel bacterial phylotypes, by
assembling only 25% of the reads. They discovered that poor assembly from huge data
without getting saturated level of read depth in fairly diverse community can help in
data analysis, and partial and near-complete genome assembly could be recovered from
relatively simple communities. Gene-centric analysis can yield valuable biological
findings in case of adequate sequencing depth for metagenomic assembly. Examples
include formation of sequence cluster as compared to assembly due to data complexity
to identify novel biomass degrading genes from cow rumen metagenomics (Iwai et al.
2010; Tun et al. 2012).

The advantages of next-generation sequencing have promoted a considerable
manyfold increase in metagenomic studies undertaken and submitted at GOLD. These
studies are related to wide environmental spectrum, including clinical, engineered and
natural communities (Mardis 2008; Roossinck 2012). There was initially a clear
partiality towards the long reads produced by Roche 454 pyrosequencing. However,
substantial improvements in Illumina read length and data output have showed increase
in popularity of it for this kind of studies. Though NGS has high throughput, it should be
used with suitable sequencing strategy for environmental samples. The sequencing
strategy, such as single or multiple platforms fragment or paired libraries, should be
based on the research focus and the composition of the target society. If it is not taken
into account, it will severely hamper downstream processes to get fruitful outcome from
the experiment.

Various factors which include copy number of genomes, number of species in given
environmental sample, genome size of different members of community, method of DNA
extraction and purification, relative loads of the species in community, as well as
method of sequencing used will decide the number of reads that are to be derived from a
given environmental community. For example, shotgun sequencing of the community
typically results in more sequencing depth for numerically dominant species, with very
few reads from the rarer community members (Brenig et al. 2010; Shah et al. 2011).
Thus, the amount of sequencing data/read required to cover the given community is



positively correlated with the community diversity and population complexity. The use
of approaches complimentary to metagenomics, such as directed sequencing of the 16S
rRNA gene amplicons, can help to determine the choice of sequencing platform(s),
library types and amount of sequencing required to obtain the throughput necessary to
achieve research goals (Shah et al. 2011).

3.2 Approaches to Study Metagenomes

Originally, the term “metagenomics” was only used for taxonomic and functional-based
genome analysis of microbial community present in an environmental sample
(Handelsman 2004), but at this time, it is also broadly applied to studies performing
PCR amplification of certain targeted genes of attention. The former can be referred to
as ““shotgun metagenomics” and the latter as “marker gene amplification
metagenomics/amplicon-based metagenomics/targeted metagenomics/meta-genetics”
(e.g. 16S ribosomal RNA gene).

3.2.1 Shotgun Metagenomics

Shotgun sequencing has the advantage of identifying broadly present microbes in
ecological sample. This creates a regional biodiversity profile that can be linked with
functional concerto analysis of recognized and mysterious organism lineages (i.e. genera
or taxa). Shotgun metagenomics has evolved to deal with the questions of who 1s nearby
in an ecological community, what they are performing (function-wise) and how these
germs interact to uphold a balanced ecological niche (Brenig et al. 2010).

Since there are no universal markers for all forms of life (including viruses),
shotgun metagenomics approach is the lone method to cop up with comparative
abundances and functional potential of different organisms in whole microbial
communities with the help of databases, such as KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway database and/or COG (Clusters of Orthologous Groups of
proteins) database. For example, metagenomic shotgun sequencing provides
breakthrough in a study of the gut microbiome and its association with obesity.

Metagenomic shotgun sequence analysis involves comparison of different genomes
through different parts of sequence to make accurate classification as well as cost
involved in data generation to identify the rare species of the community that may be a
limiting factor in many study involving this methodology (Shah et al. 2011).

3.2.2 Targeted Metagenomics

Targeted metagenomics is a cheaper and faster way to obtain a community profile using
PCR amplification and sequencing of evolutionarily conserved marker genes, such as
the 16S rRNA gene which provides probable taxonomic distribution of different



microbes related with ecological data (metadata) derived from the case site under
investigation (Shah et al. 2011).

3.2.2.1 Bacterial Community Profiling Through 16S

Amplicon Sequencing

Majority of study involves exploring microbiota of any niche interested in the bacterial
portion. By far the most popular genomic region for identifying bacterial diversity is the
16S rRNA gene encoding for the ribosomal, known as small subunit (SSU) and found in
all living organisms, with the notable exception of viruses and accounts for more than
80% of total bacterial RNA. This gene can be amplified through universally annealed
primers of interspersed conserved region to amplified variable region of it, and
sequencing of these fragments through amplicon helps to identify microbial community
profile of given DNA sample which also lower down sequencing cost as well as
monitoring fluctuation in microbial populations.

3.2.2.2 Fungal Community Profiling Through ITS, LSU and
SSU Amplicon Sequencing

The three most commonly used ribosomal loci for fungal genome diversity study are
known as the internal transcribed spacer (ITS), large subunit (LSU) and SSU regions.
ITS is the most resourceful locus for providing species-level identifications, so it is
mostly used for fungal “species barcode”, while LSU and SSU loci are more preserved

which are quite effectively utilized for phylogenetically based microbiome analyses
(Table 3.1).

Table 3.1 Pros and cons of amplicon vs. shotgun sequencing

Amplicon sequencing Shotgun sequencing
Type of The taxonomic concerto and phylogenetic Functional and process-level categorization of
information organization of a microbial neighbourhood microbial niche as a whole and the reform of
produced expressed as OTUs draft genome sequences for individual

community members

Application Scrutinize population Detect new members, new genes and
determine compound taxonomies

Ability to spot Highly sensitive. rRNA makes up to 80% of total | Requires much deeper sequencing to achieve

rare members of |bacterial RNA the same level of sensitivity
the community

(sensitivity)

Bias Bias produced by the probes and the PCR itself. | Sequence content bias

The amplified region may not precisely represent
the whole genome due to horizontal transfer or
mutations




Gene content The gene catalogue and encoded functionality of | Generate widespread gene inventories and draft
most microbial species are still mysterious and | genomes. Discovers new genes and biological
may also vary considerably among strains pathways

3.3 Metatranscriptomics (RNA Transcript Sequencing)

Metatrasncriptomic approach provides full profile of total actively transcribed genes
from members of the microbiome which helps to examine the host molecular behaviour
and interaction between host-microbiome in particular environment for host survival
and specific function. Earlier metagenomic categorizations of germs in database create
problems for metatrasncriptomic assessment of diverse assembly of the microbiome
(Vikramet al. 2016; Weckx et al. 2011).

3.4 Next-Generation Sequencing Technologies for

Metagenomics

Since the initial launch of the NGS platform in 2005, newer sequencing technologies
have been developed rapidly and continuously. The recent development of sequencing
technologies has revolutionized the much deeper layers of microbial ecology by
generating tons of in-depth nucleotide sequences at lower cost with accelerated speed.
The various applications of NGS platforms ranged from amplicon sequencing to whole-
genome sequencing and shotgun metagenomic sequencing (Mardis 2008). An advantage
of next-generation sequencing over traditional Sanger’s sequencing method includes
cost-effectiveness, higher throughput, no cloning step and less technical knowhow
involved. However, the biggest challenge is to draw scientifically and statistically
meaningful conclusion by analyzing NGS data analysis. Experimental design and
sequence analysis should be considered to resolve different error model and biases in
each NGS technology.

3.4.1 Roche 454 Sequencing (GS20, GS-FLX, GS-FLX

Titanium, GS-FLX Titanium Plus)

The first NGS platform released in 2005, GS20, used a sequencing by synthesis on
microbeads in picotitre plate (PTP) generated just 20 Mb per run with an average read
length of 100 bp. The platform is based on pyrosequencing principles, i.e. nucleotide
triphosphates are flowed across the plate in a specific sequence and each base
incorporation is marked by the release of pyrophosphate (MacLean et al. 2009). The
longer read length with greater accuracy at that time was advantageous over other NGS
systems. The most upgraded version, i.e. GS-FLX Titanium Plus, has an advantage as it



produces around ~850 Mb per run, especially 16S rRNA gene-based surveys, with a
read length of 700—750 bp, which is satisfactory to cover partial hypervariable regions
of 16S rRNA. The cost per base in recent time, error rates in homopolymeric regions
and 1nitial amount of DNA requirement became drawbacks in current time as compared
to other systems due to which technical support and supply of reagents for all GS-FLX
systems were withdrawn from Dec 2016. Still there are a large number of datasets that
have been generated through this technology which are unpublished.

3.4.2 Illumina Sequencing (GA I, GAII, HiSeq, MiSeq,
NextSeq 500, HiSeq 2500, HiSeq X Ten)

[llumina came in 2006, having a portfolio of the most widely used family of platforms
and quickly accepted by many researchers as it produced cost-effective high-throughput
data, but it had short read length drawback in earlier version which was improved in
subsequently developed platforms (i.e. 2 x 300 bp in MiSeq) which attracted research
community to shift from 454 to Illumina technology (Quail et al. 2012). Due to these
many group of researchers shifted to Illumina from 454 looking to the cost-effectiveness
of the technology. It uses sequencing by synthesis approach using reversible dye
termination method. Sequencing preparation begins with short stretch of DNA that have
specific adapters on either end that hybridized to the ends of the specific
oligonucleotide fragments in flow cell during washing so it can generate a cluster of
identical fragments after replication. Reversible dye terminator nucleotides are passed
through the flow cell and within the given time to incorporate in growing chain; the
remaining excess nucleotides are washed away so the flow cell image can be captured
and the terminators are reversed so that the process of nucleotide addition can be
repeated in subsequent cycles (MacLean et al. 2009).

Currently, MiSeq is the longest 300 bp read length producer in all Illumina products
with paired-end read method, while HiSeq 2500 gives the highest four billion fragments
of 125 bases for each read in a paired-end fashion in a single run (Caporaso et al.
2012). Recently, Illumina has released an arrangement of ten HiSeq machines as a unit
for higher-throughput known as HiSeq X Ten. NextSeq 500 is the first high-throughput
desktop sequencer, introduced by Illumina. Multiplexing of Illumina samples is handled
differently than the barcoding approach pioneered by 454, it involves a separate
indexing of each fragment through separate indexing primer, and dual indexing can be
performed by utilizing second index from the adaptors of the flaw cell lawn which can
help in greater degree for sample multiplexing.

3.4.3 Applied Biosystem’s SOL1D
In 2006, SOL1iD (Sequencing by Oligonucleotide Ligation and Detection) was



introduced by Applied Biosystem under Life Technology which used chemistry of
“sequencing by ligation” with the help of DNA ligase and dibase (Hedges et al. 2011).
The SOLiD 5500x1 produces up to 300 Gb data with three billion reads per run with 75
bp long reads. Chemistry is now no longer available in market though it gave huge
amount of data with reduced rate of $0.0001/base but high cost per run, and low read
length was the biggest drawback of this platform.

3.4.4 Ion Torrent Sequencing (PGM, Proton, S5)

Ion Torrent is the first company which introduced feasible and affordable personal
genome machine (PGM) in 2010 which is very helpful to small and low-budget
researcher groups; as a result, it quickly gets mass response from them (Merriman et al.
2012). The cost of the machine as well as per base generation was considered to be the
lowest at the time of invention in NGS market. The Ion Torrent system contains micro-
well plate for beads to which DNA fragments are attached, as found in GS-FLX. It has
unique systems as base incorporation in growing DNA strand releases a proton ion
which alters the pH of a well and micro-detector at the bottom of chip which itselfis a
semiconductor chip recorder (Merriman et al. 2012). When the individual base is added
to a growing DNA strand, a proton is released, which alters the pH of individual well.
As the different nucleotide bases sequentially flush through the chip and its
incorporation is recorded from each well that helps to infer sequences of individual
well.

The Ion Proton platform produces up to 10 Gb data, with a maximum of 50 million
reads per run having read lengths of 200 bases, while the PGM has the longest reads at
*400 bases but gives a maximum 2 Gb data and 5.5 million reads with Ion 318 V2 chip.
One interesting feature of this system is that sequencing of longer fragments is omitted
by a size-selection step. Bidirectional sequencing is not feasible with this technology as
“pairing” the reads themselves does not seem to be reliable at its current state but
multiplexing is possible by availability of the standard in-line molecular barcode
sequences (Quail et al. 2012). Like GS-FLX, this system is also susceptible to
homopolymer-related errors. Recently they introduced Ion S5 which produced up to 15
Gb data and 60—80 million reads with read length of 200 bp by using 540 chip. This
approach can be effective for generating microbiome data, even though strict size
selection and lack of bidirectional sequencing get in the way to this technology from
accepted by microbiome researchers.

3.4.5 Pacific Biosciences (PacBio RS II)

Pacific Biosciences use sequencing by synthesis for single-molecule, real-time
sequencing approach (SMRT sequencing) and introduced it in 2012 (Bachall 2009).
Although Helicos BioSciences was first in single-molecule sequencing but PacBio,



became a successful market leader as the first single-molecule sequencing platform. The
circular consensus sequencing (CCS) used to sequence a fragment repeatedly to
decrease the error rate (Bachall 2009; Quail et al. 2012).

The PacBio sequencing system does not involve amplification step as used in most
NGS platforms. Instead, they utilizes the zero-mode waveguide (ZMW) in which a
single DNA polymerase enzyme is fixed to the bottom of a well with a single molecule
of DNA as a template whose illumination after addition of single nucleotide in growing
sequencing natural DNA strand is captured. All four phospholinked nucleotides are
individually labelled with four different florescent dyes which release and give
illumination after incorporation of nucleotides by DNA polymerase that is detected in
recorded by detector, and the base call is made according it. PacBio gives much longer
read lengths (10,000—-60,000 bp) with 99.999% accuracy compared to the other
technologies, thus having obvious advantages over annotation and assembly for shotgun
metagenomics (Bachall 2009; Quail et al. 2012). For PacBio, they use a process called
strobing for paired-end read sequencing, and standard in-line barcoding is also
available for multiplexing (Table 3.2).

Table 3.2 Comparison of next-generation sequencing platforms

Platform | Clonal Chemis try Highest average read |Highest output with any
family amplification length (bp) machine of family
GS-FLX |Emulsion PCR Pyrosequencing 750 850 Mb
[lumina Bridge Reversible dye terminator 300 1.6-1.8 Tb
Amplification
SOLiD |[Emulsion PCR|  Oligonucleotide 8-mer 75 25 Gb
chained ligation
Ion Torrent | Emulsion PCR Proton detection 400 30 Gb
PacBio | Notrequired | Phospholinked fluorescent 8500 8 Gb
nucleotide
Oxford | Not required Proprietary nanopore 250,000 12 Tb
Nanopore sensing technology

3.4.6 Oxford Nanopore Sequencing

Oxford Nanopore technologies introduce an innovative “strand sequencing” that could
sequence completely intact DNA strands passed through a small-sized protein nanopore
which records change in the 1onic current when any biomolecule passes through it
(Branton et al. 2008). MinlON mk1B is a pocket-sized device which contains 512
nanopore channels that can be linked directly to any computer for real-time data
collection. The chip is recently launched in May 2016. PromethION 1s under
development, it’s a benchtop having up to 48 flow cells of 3000 nanopore channels each
which combinedly makes total 144,000 channels which can be used through



PromethION Early Access Programme (PEAP). They are also developing SmidglON
which can be operated through smartphone at any place for any type of samples. This is
even smaller than MinlON and PromethION. Oxford Technology have smart and rapid
sample preparation advantage within 10 min which 1s going to be improved after
development of VOITRAX that can be operated through USB, and when a sample is
loaded in cartridge, it passes through a path controlled by software. The advantage of
long reads eliminates the need for shotgun sequencing and revolutionizes the sequencing
industry in the future. This technology has advantages, as it will eliminate erroneous
shotgun sequencing and exclude the error-prone assembly step during data analysis.
However, nanopore sequencing is at the moment non-commercialized (available only
through the MinlON™ Access Program) which is still being optimized using specific
template and sequencing needs (Goodwin et al. 2015).

3.4.7 Irys Technology of BioNano Genomics

It is another innovative as well as promising technology, which uses micro- and
nanostructures for constructing de novo genome maps. Unamplified, native-state DNA
molecules, each up to a megabase long, can be loaded into the IrysChip’s
NanoChannels. The input is DNA labelled at specific sequence motifs, utilized for
1maging and identification through IrysChips. These labelling steps result in a uniquely
identifiable, sequence-specific pattern which can be used for de novo map assembly or
anchoring sequencing contigs (Xiao et al. 2015).

3.5 Basic Steps in Metagenomic Data Analysis

Tools and databases utilized for metagenomic data analysis are becoming more and
more efficient and elaborate, but no standardized analysis pipelines are available for
metagenomic experiments till date. Nanopore sequencing technology offers new horizon
for the analysis pipelines as well as new options for the assembly and concurrent
annotation process. Basic metagenomic steps and tools widely used in practice
nowadays are summarized in Fig. 3.1. Some popular tools that have been used
extensively by the metagenomics community are shown for every step as well as the
databases and algorithms in common practice.
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Fig. 3.1 Flowchart of basic metagenomics steps and tools currently in practice. Modified from Oulas et al. (2015)

3.6 Future of Metagenomics

Metagenomic studies were performed on simple ecosystem with precise target due to
costing and lack of proper knowledge of sequencing depth, unavailability of resources
for computing facilities and trained bioinformaticians, confusion in statistical design
and analysis strategies that’s why previous metagenomic studies cannot be replicated
but after reduction in sequencing cost, proper knowledge of ecosystem, statistical design
for sampling and data analysis with addition of metadata, availability of efficient new
enzymes and molecular tools, accessibility of centralized computing and bioinformatic
facilities developed by funding agencies. Nowadays, researchers are using large
number of ecological samples with huge number of biological replication and provide
marker gene, genome and metadata information during submission in curetted database
which become standard practice and provide meaningful information of particular study,
but still improvement is going on in collecting metadata and improving statistical
analysis that can help to give broad picture of particular ecosystem which can be
compared with other similar kinds of study or other ecosystems.

Metagenomic data analyses have other limitations related to short read and low
coverage for genome that creates problem during assembly and annotation of sequences,
but researchers are using co-assembly from single cell genomics as well as



collaborative analysis of their data to fill their analysis gaps by considering common
species that must exist in their system. The metagenomic studies are targeted to provide
a broad understanding of our different ecosystem. In the near future, metagenomics will
be one of the key parts of screening different ecosystems through combination with other
‘-omics’ tools such as metatranscriptomics and metaproteomics.
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Abstract

As far as our understanding of the microbial world is considered, until the present only
a small fraction of microbial communities from an ecosystem can be characterized,
hence having enormous gene bioprospecting potential. Gene mining/prospecting is
referring to the process of identifying gene(s) or their allele(s) involved in the
economically important biological process of industrial importance. Industrial
biotechnology and its vigorous growth over the decade increase the demand of novel
genes with increased efficiency for industrial application. The metagenomic studies are
one of the ways to explore the hidden potential of cultured and unculturable microbial
communities of the ecosystem. Metagenome from the complex microbial community is a
good bioresource for bioprospecting of industrial important biocatalyst. Despite having
a remarkable contribution of metagenomics in gene prospecting from prokaryotes, it is
still in its formative years. In the present chapter, we have tried to provide am efficacy
of soil and marine metagenomic in gene mining/prospecting and describe various
methods available to narrow down to the specific gene in the metagenome.
Accomplishments made thus far, limitations, and future prospects of this new science
are discussed.
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4.1 Introduction

Microbes are one of the most indispensable constituents of the Earth’s ecosystems.
Microbes in the ecosystem act as a small organic factory which processes elements
(such as carbon, hydrogen, nitrogen, oxygen, sulfur, phosphorous, etc.) into complex
biologically active organic molecules accessible to the higher organism including
humans (Adkins et al. 2012). Since microorganism is a critical source of bioresource,
they are even hosted by higher life forms that include plant and animals. They help to
make vital biomolecules (e.g. vitamins) and other nutraceuticals; moreover, they also
help to process and digest food. In addition, microbes are also beneficial to the
environment. Microbes act as tiny disasters which have the capability to remove the
human introduced contaminants and pollutants from air, soil, and water. Besides having
these much functional superiority, the understanding of this microscopic word remains
limited.

In the absence of DNA structure and function, all organisms were characterized on
the basis of their phenotypes. Therefore, to characterized microbes, culturing was the
only way, according to the Bergey’s Manual (1923) (Handelsman 2005). Cumulative
research of the last three decades help us to realize that there are many bacteria which
are not amenable to culturing, and sub-culturing may be due to lack of nutrient required
or distortion in the amount of nutrient required, absence of symbionent or presence of
inhibitory compound, etc. (Zengler et al. 2002). The idea of characterizing microbes
thriving an ecosystem without cultivating them was given by Torsvik and coworker
(Torsvik et al. 1990). Furthermore, Lane and coworker performed phylogenetic analysis
based on 16s ribosomal rRNA gene sequence directly retrieved from the environment.
After gaining widespread acceptance of genomic technology, microbial genomic
(cultivated and uncultivated) has started materializing. Before the introduction of new
term “metagenomics,” the science existed in literature and was described by different
terms that include microbial population genomics, soil DNA library, environmental
genomics, ecogenomics, community genomics, recombinant environmental libraries, etc.
(Vakhlu et al. 2008). The term “metagenomic” was given by Handelsman and coworker
(Handelsman et al. 1998) and defined as the study of the genetic material directly
recovered from the environment. Although Healy and coworker first reported the
application of metagenomic for gene mining/bioprospecting for cellulase enzyme (Healy
etal. 1995).

Gene mining or gene bioprospecting refers to the process of identifying genes or
their alleles involved in the economically important biological process. Technically,
gene mining 1s used to identify and isolate genes that are previously characterized to



conferring economically important traits (e.g., amylase, esterase, lipase, lactonase,
racemase, etc.) or identification of gene controlling particular biological process of
industrially importance. For the purpose of gene mining from microorganism, two
methods can apply: (1) method involving screening of cultivated microorganism and (2)
method involving screening of metagenome. The first approach allowed us to screen
microorganism based on targeted enzyme activity, antimicrobial activities, stress
resistance activities, etc. However, with the luxury of prior phenotypic screening, this
approach also has some limitation of incapability of culturing wide group of
microorganism using standard techniques (Amann et al. 1995). In contrast, second
approach allows us to go deep insight into the hidden world of uncultivable
microorganism in search of new enzymes and functional proteins with limitation of prior
screening.

Presently, metagenomic is an established science which has been deciphering the
secrets of earth microbial communities from time to time. Metagenomic predominantly
exploited in the studies related to taxonomic diversity, ecology, and evolution of
microbes. In addition, they also have huge potential in biomedicine, renewable energy
resources, agriculture, etc. (National Research Council Committee on Metagenomics
and Functional 2007). The evolution of metagenomic is in synchronization with the
evolution of genomic technology that includes microarray technology, high-throughput
DNA sequencing, and bioinformatics. Introduction of this advance genomic
methodology further increases the resolution and speed of gene mining from new and
available metagenomic database. Some of the advances are discussed in succeeding
sections.

4.2 Gene Mining from Soil Metagenome

Recently, several attempts were made to identify and characterize novel enzyme and
bioactive compounds from soil. Esterase/lipases are one of the most prevailing novel
biocatalysts found from the soil metagenome. Esterase/lipase is the lipolytic enzymes
belonging to hydrolase group, which involved in breaking of chemical bonds in the
presence of water. The attractive feature of lipolytic enzymes includes stability in
organic solvent, no requirement of cofactors, stereoselectivity, broad substrate
specificity, and positional selectivity (Lee et al. 2004). Isolating enzyme through gene
mining from metagenome with specific chiral resolution is an attractive feature,
especially for the processes involving organic synthesis. Henceforth, the identification
and 1solation of novel esterase/lipase from soil metagenome acquire much attention as
compared to other industrially important enzymes. Although lipolytic enzyme is
considered to be the most studied and characterized among biocatalyst, discovery of
novel enzyme 1s quite surprising. To illustrate the application of metagenomic in
lipolytic gene mining, the study conducted by Lee and coworker (Lee et al. 2010) was



discussed in this section. In order to identify novel lipolytic enzyme, Lee and coworker
used functional metagenomic approach (describe below) in which they prepare
metagenomic library and screen clones for lipolytic activity. Screening followed by
identification of target gene revealed the presence of the new lipolytic enzyme (EstD?2)
having a low degree of sequence homology to the well-characterized lipolytic enzyme
gene family member. Further sequence analysis showed positive hit with hypothetical
protein from Phenylobacterium zucineum HLK1 indicating presence of novel lipolytic
enzyme which was further confirmed by lipolytic assay. Similar studies conducted by
different groups of researchers using metagenome lead into the discovery of novel
lipolytic enzymes (Elend et al. 2006; Hong et al. 2007; Lee et al. 2010; Tao et al. 2012;
Yuetal. 2011).

Cell wall-degrading enzymes (CWDEs)/cellulolytic enzymes are the second group
of enzymes after lipolytic enzymes having industrial as well as biotechnological interest
specifically in biomass degradation for bioenergy generation. Cell wall-degrading
enzymes (CWDEs)/cellulolytic enzymes are the biocatalyst involved in cellulose
degradation. Cellulose is a polysaccharide and when degraded by cellulase produces
two molecule of glucose which is easily fermentable biomolecule and yield ethanol
(Polizeli et al. 2005). Furthermore, cellulose degradation using biocatalyst has many
industrial applications like preparation of foods, kraft pulp bleaching, textile
processing, etc. (Ando et al. 2002; Hu et al. 2008; Lynd et al. 2002). Identification and
cloning of cellulase gene from metagenome have been documented in several reports.
Healy and coworker (Healy et al. 1995) initially before the introduction of term
“metagenomic” by using metagenome identified endo-p-1,4-glucanase gene. In order to
1dentify cellulase enzyme, Healy and coworker prepared metagenomic library from the
DNA isolated from thermophilic, anaerobic digester on lignocellulosic feedstocks.
Function screening of metagenomic libraries on CMC (carboxymethylcellulose) and
MUC (4-methylumbelliferyl 3-D-cellobiopyranoside) revealed the presence of endo-
B-1,4-glucanase gene in metagenomic library. A similar type of study was performed by
Voget and coworker (Voget et al. 2003); they used microbial-enriched culture and
identified one cellulase gene. By using same approach, Voget and coworker (Voget et al.
2006) 1solated and characterized halotolerant endoglucosidase from soil metagenome. A
similar kind of report was also documented by Liu and coworker (Liu et al. 2011) for
the identification of novel endo-fB-1,4-glucanase (Cel5G) which showed a low degree
of homology (<39%) with endoglucanases deposited in GenBank. Moreover, Cel5G
hydrolyzed wide range of complex carbohydrates that includes 3-1,4-, -1,3/B-1,4-, or
B-1,3/B-1,6-linked polysaccharides, microcrystalline cellulose, filter paper, and
amorphous cellulose.

Recently, by using metagenomic library prepared from slug DNA, Matsuzawaand
and Yaoi identified novel saccharide-stimulated glycosidase (MeBglD2) which has -
glucosidase, -galactosidase, and B-fucosidase activities. A similar study conducted for



other industrially important genes from soil metagenome suggested a plethora of
microbial diversity bearing novel microbial enzyme (Matsuzawa and Yaoi 2016).

4.3 Gene Mining from Marine Metagenome

Seventy percent of the Earth’s surface comprise of water; hence covered with marine
environment, enclosing extreme habitats includes freezing Arctic and Antarctica to the
warm tropics. Microorganism inhabited complete oceans despite of extreme
environment includes depth of 11,000 m with 100 Mpa pressure, low temperature, high
salinity, or hydrothermal vents with temperature higher than 100 °C. Their evolution
over the millennia introduces a high level of diversity both in genotypes and phenotypes.
Diversity in genotypes is generally reflected into the enzymes that potentially may
endow unique properties. Therefore, marine metagenomic 1s an excellent tool to
perform gene mining to unlock the novel superior extremozymes of industrial and
biotechnological importance. Marine metagenomics is found to be very effective in the
discovery and isolation of extremozymes from extreme habitats. For instance, bacteria
thriving in marine snow have an intrinsic property to produce enzymes which have
potential to work efficiently within the snow (Azam and Long 2001).

As described in the above section, lipase/esterase is a predominant enzymes used in
industrial application and includes foods, laundry, textile, pulp and paper industry,
bioenergy, and organic chemical synthesis. A screening of a metagenomic library
prepared from the metagenome recovered from the Arctic intertidal zone allowed to
identify and isolate novel cold-tolerant esterase (Est97) (Fuet al. 2013). Another
example depicting the potential of marine metagenomic to identify a novel class of
enzyme comes from a study conducted by Lee and coworker (Lee et al. 2012). They
prepared metagenomic library from the DNA recovered from the tidal flat sediment
from the Korean west coast. Sequence analysis showed gene to be phospholipase Al.
Phospholipases are the enzymes which catalyze lysis of phospholipid into fatty acid and
lipophilic substrate; they used phospholipid as a substrate and hence didn’t act on
another form of lipid-like lipases. Interestingly, the enzyme isolated by Lee and
coworker has both phospholipase and lipase activity. Marine metagenomic also has
application in the dairy industry. In dairy industry they can be exploited for
identification of the novel B-galactosidase enzyme (enzyme involved in the hydrolysis of
lactose into galactose and glucose). Wierzbicka-Wos and coworker prepared
metagenomic library from metagenome isolated from the Baltic Sea water sample. By
using this library, they identified a monomeric cold-tolerant glycoside hydrolase
(BglMkg). With cold tolerance, these enzymes also have B-galactosidase, B-fucosidase,
and B-glucosidase activity in a pH range from 6.0 to 8.0 (Wierzbicka-Wos et al. 2011).

Besides cold, ocean also host other ecological niches thrives by microorganisms
called thermophiles, hyperthermophiles, halophiles, and barophiles possessing



biocatalyst of economical value. By using similar metagenomic approaches, several
biocatalysts include lipase/esterase (Tirawongsaroj et al. 2008; Zhu et al. 2013), B-
glucosidase (Schroder et al. 2014), glycoside hydrolases (Wang et al. 2011), and
fumarase (Jiang et al. 2010) that were identified and characterized from thermophilic
marine ecosystem. Marine environment also includes halophilic condition therefore
providing opportunities to identify salt-tolerant biocatalyst using metagenomics
approaches. This opportunity was very well used by Fang and coworker and Jeon and
coworker; they identified bacterial laccase showing activity in alkaline condition and
salt-tolerant esterase, respectively, by using metagenomic approach (Fang et al. 2012;
Jeon et al. 2012).

Furthermore, gene bioprospecting from polluted seas using metagenomic approaches
also facilitates identification of biocatalyst tolerance to heavy metals. For example,
Mohamed and coworker, by using a metagenomic library from metagenome isolated
from the Red sea brine pool, identified novel esterase with thermophilic as well as
heavy metal tolerance activity (Mohamed et al. 2013). Similarly, Sayed and coworker
identified novel mercuric reductase, which shows activity at high temperature and
concentration of heavy metals and salts. Henceforth, the above study indicated the vast

potential of marine metagenomics in gene mining and bioprospecting (Sayed et al.
2014).

4.4 Metagenomic Approaches for Gene Mining
4.4.1 Sequence-Based Approach

A sequence-based approach for gene mining/bioprospecting was further divided into
three strategies. The first strategy involves the use of metagenomic libraries to screen
genes, either through hybridization probes (Pham et al. 2007) or DNA microarray (Park
etal. 2010) or by using PCR-based scheme (Fig. 4.1) (Israel 1993). Gene mining based
on hybridization involves probe designing from homologous sequences available in
online databases (e.g., National Centre for Biotechnological Information). Typically,
this probe is designed from partial targeted gene encoding sequences such as catalase,
nitrite reductase, glycerol dehydratase, dioxygenase, xenobiotic degradation gene, etc.
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Fig. 4.1 Schematic of acquisition and processing of metagenomic information via sequencing-based approach.
Sequence-based metagenomic approach having three strategies of which two main strategies are describe above. All
strategies have same metagenome recovery step (i.e., DNA isolation from ecosystem sample) followed by gene
mining either via metagenomic library screening or by shotgun sequencing approach. There are two schemes available
for metagenomic library screening; one is based on hybridization and the other on PCR

The finest example of exploitation of heterologous probe for gene mining was
present in the study conducted by Jacquiod and coworker (Jacquiod et al. 2013). In their
study, they use metagenomic library prepared from soil sample of Park Grass
(Rothamsted, England) to screen economically important genes that includes glycoside
hydrolases GH18 (role in chitin degradation), dehalogenases (bioremediation), and
bacterial laccases (bioremediation). Overall, two million clones were generated out of
which 405,504 clones were used for screening purposes. Screening of clones using
33p-dCTP-labeled probes identified 88 positive clones. Further sequencing followed
by analysis of DNA from positive clones using 454 pyrosequencing techniques
generated 42 metagenomic contigs (of length >5 kb) encompassing 94 putative
sequences. One of the main advantages of this technique is that large amount of
metagenomic materials can be simultaneously screened and analyzed. Furthermore, by
controlling stringency of hybridization, one can control the degree of homology during
hybridization in order to get the most similar or divergent sequence. In order to further
improve the throughput of gene mining using hybridization method, microarray has been
widely used as it allows simultaneously screening of a library against a wide array of
different target genes.

The next effective method for metagenomic library screening for target gene is



through PCR. For example, Courtois and coworker used PCR to identify polyketide
synthase gene from metagenomic library (Courtois et al. 2003). They prepared
metagenomic library from the metagenome recovered from the field in La Cite Saint
Andre (Isere, France). In order to i1dentify target gene from metagenomic library, it was
screened by using PCR. For the screening purpose, degenerative primers were designed
from the conserve region of type I polyketide synthase genes (PKS), and primer efficacy
was further tested on PKS-producing strains (e.g., Streptomyces coelicolor ATCC
101478). Once the efficacy of degenerative primers was checked, 96 clones were
screened. Out of 96 clones, eight clones were found to be PKS positive.

Despite having a remarkably high efficiency and probability of getting novel gene,
these methods have their own limitation of having low throughput and being labor
intensive and time consuming. The second strategy involved direct screening of DNA
sample recovered from the environment using PCR by designing degenerative primers
(Itoh et al. 2014). The approach used by Itoh and coworker also known as screening of
gene-specific amplicons from metagenome (S-GAM) allows successful identification of
two superior alcohol dehydrogenase (adh) (HLADH-012 and HLADH-021) for the
production of anti-prelog chiral alcohols. In their investigation, they selected
metagenome recovered from 20 different environments to generate metagenomic library.
For the identification of superior adh gene, they designed degenerative primer from the
conserved region of the gene which have the potential to amplify almost full-length
gene. Cloning of amplified fragments in E. coli plasmid library recovered overall 2000
clones out of which 1200 clones were found to be adh positive. Therefore, this strategy
proves itself efficient in terms of identifying genes’ functionally as well as structurally
related family. Although this strategy has great potential in metagenome gene mining but
has some limitation of requiring prior sequence information for degenerative primer
designing, moreover, only gene family member with conserved domain gets identified
(Maurer 2011).

In contrast, the third strategy based on high-throughput sequencing (NGS) has great
potential in gene mining/prospecting. The standard protocol for gene mining using next-
generation sequencing (NGS) technology is divided into four main steps: (1) high-
quality metagenomic DNA isolation followed by next-generation sequencing, (2)
assembly of NGS reads into contigs and scaffolds, (3) analysis of the sequencing data in
search of target genes, and (4) functional complementation assay in heterologous system
(Vester et al. 2015) (Fig. 4.1). When the objective of metagenomic investigation is gene
mining, hybrid sequencing strategy (strategy in which more than one sequencing
platform was used) is useful to fish full-length gene. For this purpose, Illumina shotgun
sequencing strategy coupled with 454 pyrosequencing/PacBio sequencing technology is
good enough. Illumina shotgun reads increase the coverage and hence the confidence on
the correctness of discovered gene(s), whereas long reads from 454
pyrosequencer/PacBio increase the probabilities of getting full-length gene(s). All



sequencing platforms have their advantages or disadvantages; therefore, sequencing
platform should be selected carefully. Details describing sequencing platforms and their
sequence handling were very well reviewed by Loman and coworker and Kim and
coworker, respectively (Kim et al. 2013; Loman et al. 2012). After getting cleaned and
trimmed with high-quality sequence, the next critical and challenging task is to perform
assembly with minimum of chimeras. Recent development in bioinformatics tools
dedicated especially for the metagenomic analysis makes it easy to perform accurate
assembly of short reads. Once the good quality of assembly was obtained, gene mining
task was initiated either by using local BLAST approaches or by creating custom
algorithms. The study conducted by Zhao and coworker illustrated the above approach
very well (Zhao et al. 2016). In the study conducted by Zhao and coworker, they identify
novel cellulase from the cellulose-degrading microbial consortium. The metagenome
isolated from microbial consortium was sequenced using 454 pyrosequencing platform
followed by assembly and annotation. They identified overall 28 genes including 15
glycoside hydrolase families. Further confirmation of identified cellulase was
performed using functional screening.

4.4.2 Functional-Based Approach

The sequence-based approach exploits sequence information based on homology for
gene mining, which often revealed the new members of the same family. However, it
doesn’t provide information related to the functionality of biomolecules. Therefore,
despite generating large amount of metagenomic DNA sequencing data, library
construction followed by functional screening for biocatalyst molecule is more
interesting (Schoenfeld et al. 2010). Furthermore, functional-based screening has the
potential to identify all isoforms of proteins available in metagenome for particular
enzymatic processes or function. Functional activity-driven screening detects function of
interest and hence doesn’t require any prior sequence information (Felczykowska et al.
2012) (Fig. 4.2). Function-based metagenomic for gene mining utilizes four different
approaches as follows: (1) direct identification of gene product in clones (this type of
screening may use fluorescent catabolite to evaluate enzyme activity), (2)
complementation assay, (3) induce gene expression, and (4) enzymatic assay.



~
Metagenomic DA ﬁ P T T T
isolation ﬁ‘r —-—*— "

Microbial

Ecosystem communities Metagenome

Library preparation * -.. -
and FCTCTY O /\‘
o ss
Product

screaning
g (T Substrate

Meatagenome Met,aqennmu:: library Functional screening

Fig. 4.2 Schematic of acquisition and processing of metagenomic information via function-based approach. Likewise
sequence-based approach, function-based approach also involved initial step of metagenome isolation followed by
library construction in expression vector. In order to identify functionally relevant clone, protein assay was performed.
After the identification of positive clone, sequencing was performed to identify gene sequence

There is a plethora of studies available that uses functional screening to identify
new genes. Same approach was used by Suenaga et al. (2007), in which they used
fosmid metagenomic library to identify genes for extradiol dioxygenase enzymes
(EDOs). EDO gene is involved in the catabolism of aromatic substance. Analysis of 91
positive clones through sequencing revealed 25 genes belonging to the new subfamily.
Likewise, Tannieres et al. (2013) obtained new NAHLase, a xenobiotic degradation
enzyme from a metagenomic library. Current metagenomic function screening-based
approaches are not able to identify and isolated catabolic genes induced by certain
stimuli or against certain chemicals. To overcome this limitation to high-throughput
screening methods, viz., substrate induces gene expression screening (SIGEX)
(Uchiyama et al. 2005), and intercellular biosensor method (Williamson et al. 2005)
was used (Fig. 4.3). SIGEX is a high-throughput screening approach that consists of
four steps including (1) constructing metagenomic libraries in liquid growth medium,
(2) removing green fluorescent proteins (GFP) constitutively expressing empty clones,
(3) providing stimuli/induction/substrate for the co-expression of target protein and
GFP, and (4) selecting clones using fluorescence-activated cell sorting (FACS)
(Uchiyama et al. 2005). By using SIGEX, Uchiyama et al. (2005) identified catabolic
genes induced by aromatic compound from metagenomic library prepared from ground
water.
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hence, helping to identify clones on the basis of function. (b) Intercellular biosensor strategy is designed specifically for
the identification of biologically active small biomolecules. In this strategy expression of reporter gene depends upon
the presence of target molecule. In the presence of target molecule transcription factor get activated and in response
activate the transcription followed by translation of reporter gene. In both the strategy once the reporter gene get
activated, positive bacterial clones can be separated by using FACS

The other high-throughput strategy for metagenomic library screening is intercellular
biosensor also called METREX and was successfully used by Willamson and
coworkers, to identify metabolites/compound induce quorum sensing in bacteria. They
design a system in which, if metagenomic clone produces inducer of quorum sensing, the
presence of inducer resulted into the production of GFP and can be easily sorted by
FACS. By using METREX, overall, 11 clones were identified which induce quorum
sensing and two clones that inhibit. Both of the above described high-throughput
screening methodologies can act as a powerful tool for identification of biologically
active small molecules and functionally active clone in metagenomic library.

The detection of new genes through function-based screening is only useful if the
target gene gets expressed in heterologous host (Schoenfeld et al. 2010). Therefore, the
main challenge of the function-based screening is the expression of target gene, often
impeded by various factors that include truncated gene clone, incompatibility between
the regulatory machinery of gene and host, codon bias, improper protein folding, etc.
(Felczykowska et al. 2012; Schoenfeld et al. 2010). To overcome some of the



difficulties, the use of a different expression host is recommended. For example, mostly
exploited prokaryotic laboratory host E. coli can express only 40% of the metagenomic
gene pool. To avoid such adversity, other organisms need to be tested that include
genera Bacillus, Pseudomonas, and Streptomyces. Recently, Igbal and coworker used
alternate host strategy to identify six enzymes involved in antibiosis activity using
Ralstonia metallidurans as a host (Igbal et al. 2014). This same fragment was unable to
express in E. coli which demonstrate the perspective of alternative host in metagenomic
library screening. In summary, wide acceptance of function-based screening for gene
mining required the development of a versatile method for library preparation and
screening in high-throughput manner, e.g., in nano-scale by microfluidic technology
(Arnold et al. 2016).

Conclusion This chapter is an attempt to summarize the ongoing research and
development in the area of metagenomic to study microbe community in gene
mining/bioprospecting point of view. Metagenomic studies help us to understand the
functioning mechanism of microbial communities and ecosystem inhabited by them.
In addition, they also improve our perception and shed light on the biology of
microbial individual constituting the communities which could provide census of
genes and protein of economical importance. Identification of novel protein or
biocatalyst with no sequence homology to any previously known proteins through
activity-based discovery, highlighting the importance of metagenomic in gene mining.
The enormous diversity of microbes present in metagenome can be made accessible
to its full potential by using recently developed genomic tools. In order to increase
the efficiency of gene mining using function-based approach, development of new
lab-on-a-chip tools was expected.
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Abstract

There is a considerable market potential of extremophiles and their biomolecules;
however, their high evolutionary rates and culturability limitations restrict their
industrial exploration. The impressive development of “omics” technologies has
allowed the culture-free technique, i.e., metagenomics as a valuable tool for mining the
hidden information of the extremophiles and their biospheres. At present, environmental
microbiomes are being studied using functional-based and sequence-based approaches.
The growth of the extreme environmental metagenomics literature and projects is
increased nearly tenfold in the last decade due to the advancement in the sequencing
technologies. Here, in the context, we summarize all the aspects of extreme biosphere
metagenomics with recent prospects and progress.
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5.1 Extremophiles and Extreme Environments

These are various extreme habitats situated across the globe since the genesis of the
earth. These extreme habitats harbor a rich microbial diversity. Certain old evidence of
life like microfossils, stromatolites, microfibrous sedimentary rocks, and sedimentary
carbon pool suggests that the microorganisms inhabit the earth since the archaean
period, the time before 2.5 billion years (Stanley 2005). Such ancient microbial life had
developed robust metabolic functions similar to many present-day living extremophiles
thriving into extreme environments. The extremophiles hold secret survival “kits” to
shelter at either single or multiple extreme conditions. Microbiologists are exploring
their cellular properties like new gene pools, robust biomolecules, and metabolic
uniqueness through the culturing methods since the discovery of extremophiles.
However, despite the technological advancement for the investigation of extremophiles
and their habitats, we have decoded the very limited information from the extreme
biosphere (Rampelotto 2013).

Extreme territories support all the three taxonomic forms of life to flourish.
However, the largest membership is represented by the Archaea followed by Bacteria
and Eukaryotes. The ability of these extremophilic microorganisms to proliferate under
extreme conditions is of immense importance for understanding microbial physiology
and evolution. Extremophiles are best characterized according to their growth profiles,
using marginal data, under certain culture conditions including salt concentration,
temperature profile, pH scale, and growth under hydrostatic pressure (Mesbah and
Wiegel 2008). The representative examples of extremophiles thriving in different
extremities are thermophiles (45—60 °C temperature), hyperthermophiles (60—-120 °C
temperature), psychrophiles (below 0 °C temperature), acidophiles (below 4.0 pH),
alkaliphiles (over 9.0 pH), piezophiles or barophiles (>0.5 MPa pressure), halophiles
(>1 M NaCl concentration), and xerophiles (<0.85 water activity) (Horikoshi et al.
2010).

Culturability of the extreme habitats s very less due to the persistence of abiotic
stresses and differences between natural environments and laboratory conditions.
Additionally, culturability is a very complex physiological process that depends on
various phenomena (Barer and Harwood 1999). Due to these limitations, the majority of
such environment has remained unexplored. However, during the recent years,
development and application of molecular techniques, such as PCR, cloning, and next-
generation high-throughput sequencing, have proved quite valuable in judging the
distribution and diversity of extreme habitats. Hence, due to the limitation of available
culturing methods for the extremophiles, it is now being studied by the uncultivable
approach referred as a metagenomics to translate the potentials of various extremophilic
microorganisms. Furthermore, the holistic community can be deciphered through the
metagenomics approach, whereas the traditional microbiology relies upon the



cultivation of few clones or colonies. So, the metagenomics application provides the
profiling of the microbial diversity of any extreme environment to analyze the entire
community and can be delineated broadly as an environmental genomics, ecogenomics,
or community genomics (Hugenholtz et al. 1998).

5.2 Metagenomics and Microbial Diversity

Development and discovery of various molecular biology techniques after the 1980s
extend the genomic discipline toward its associated “omics” technologies.
Metagenomics emerges in the ending of last century, which eliminates the culturability
for mining the microbial information and revolutionizing microbial ecology.
Metagenomics is the study of the collective forms of genomes directly isolated from the
environmental sample for the comprehensive analysis of microbial diversity and
ecology of a specific environment. Metagenomics studies provide the mechanism for
analyzing previously unknown organisms, and at the same time, one can examine the
diversity of organisms present in specific environments as well as analyze the complex
interactions between members of a specific environment (Handelsman 2004).
Metagenomics studies are conducted by two different approaches. One is function-
based analysis, which deals with the total DNA extraction from environmental sample
followed by cloning into suitable host and detection of expressed phenotypes in the host
cells, whereas sequence-based analysis is mainly concerned with decoding of the
extracted DNA and/or RNA using various sequencing platforms followed by assessment
of taxonomic diversity. Both approaches are applicable to decipher hidden microbial
gene pools and profiling of the microorganisms (Fig. 5.1). Early environmental gene
sequencing is dealt with cloning of 16S rRNA gene to analyze the microbial taxonomic
profile. Such work revealed the vast majority of microbial biodiversity that had been
explored by cultivation-based methods (Hugenholtz et al. 1998). Slowly the shotgun
Sanger sequencing or massively parallel pyrosequencing is applied to get largely
unbiased samples of all genes from all the members of the sampled communities (Eisen
2007). The first metagenomics studies conducted using high-throughput sequencing by
massively parallel 454 pyrosequencing transformed the studies of the microbial
universe (Poinar et al. 2006; Edwards et al. 2006). Nowadays the various next-
generation sequencing (NGS) platforms are utilized for the metagenomics studies, and
continuous improvements in the existing sequencing technologies are often done by the
original developers.
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Fig. 5.1 Standard metagenomics pipeline for environmental microbiomes research

5.3 Environmental Metagenomics

According to the meeting report of Earth microbiome project, one quintillion (10°°)
microbial cells are present on the earth. Theoretical estimation of the average quantity
of DNA in the microbial cell is 10 million base pairs. As yet, we have investigated
hardly 1% of the total environmental DNA by global environmental DNA sequencing
efforts (Gilbert et al. 2010). This statistics may also be far greater than actual analysis;
so, the massive information of microbial life on the Earth is yet unknown and/or under-
sampled. Hence, we are in the beginning stage in the study of the extreme environmental
metagenomics.

Early environmental metagenomics projects are considered a key trigger to drive the
field of extreme microbiomes. Environmental genomic studies of the Sargasso Sea
(Venter et al. 2004) are a major breakthrough in the environmental metagenomics, which
leads to developing the interest among the scientific communities to initiate and explore
the microbial diversity of extreme habitats using metagenomics approach. The scientific
literature on “extreme environmental metagenomics” available in public domains
increased quickly in the last decade indicating the development of the field (Fig. 5.2).
The rapid escalation of metagenomics projects in the various online databases indicated
the quick growth of metagenomics field. Currently, more than 20% metagenomes
submitted into public domains are derived from the various extreme biosphere including



marine/ocean, abyssal plain, desert, hydrothermal vents, permafrost, glacier, salt marsh,
thermal hot springs, geyser, soda lake, hypersaline lake, submarine volcano, black
smoker, acid mine drainage, etc. (Table 5.1). Undoubtedly, it is due to the recent
advances in high-throughput sequencing technologies with more sophisticated
bioinformatics analysis pipeline making the metagenomics study very easy and rapid.

Fig. 5.2 Literature available in public domain on extreme environmental metagenomics assessed on 8 February 2017
on Google Scholar (n = 15,700). Data presented in the graph for the last 10 years are clockwise from the year 2007
(green series 1%) to 2016 (vellow series 23%)

Table 5.1 Metagenomes of extreme environments available in public domains (Assessed on 8 February 2017)

Public database/web portal with URL Total Extreme Extreme biome examples
submitted environme nt-
metagenomes related
metagenomes
(%)
MGRAST (http://metagenomics.anl.gov/) 276,607 20 Marine sample, thermal hot
springs, geyser, salt lake,
desert, hypersaline lake, soda
lake, glacier, submarine
volcano, black smoker, acid
mine drainage, contaminated
site

EBI metagenomics 12,412 25 Oceanic/marine, abyssal plane,
(https//www.ebi.ac.uk/metagenomics/) desert, hydrothermal vents,
permafrost, glacier, salt marsh,




and contaminated habitats

NCBI metagenome 11,929 18 Marine samples, hypersaline

(https//www.ncbi.nlm.nih. gov/genbank/metagenome) lake, mine drainage, marine
sediment

IMG/M (https://img.jgi.doe.gov/cgi-bin/m/main.cgi)  |7341 20 Oceanic and marine sample,

hot springs, saline and
hypersaline lake

GOLD (Genomes Online Database) 18,408 18 Hot springs, oceanic/marine
(https://gold.jgi.doe.gov/) water, saline lake, geyser,
geothermal water, marine deep
subsurface hydrothermal vent,
subseafloor sediment

The recent identification of new gene pools and species of extremophiles from the
extreme habitats geared up the exploration of microbial species for the industrial and
biomedical potentials. At the beginning of metagenomics era, the giant vector, i.e., BAC,
was used to construct the metagenomics library of the environmental DNA (Rondon et
al. 2000) and function, and the sequence-based analysis was performed from each
clone. Modern metagenomics approach makes it possible to know the physiology of the
extremophiles, their role in the habitats and adaption to environmental pressures. So, the
microbiome of extreme biosphere may help to establish the microbial community
network structure, which is very useful to decode the microbial functionality,
interaction, and community dynamics (Cowan et al. 2015). However, the various
experimental challenges from sampling to sequencing should be addressed before
conducting environmental metagenomics projects.

5.4 Challenges in Environmental DNA Extraction

The key challenges of conducting metagenomics studies include the sampling and
transporting of the adequate intact environmental sample and extraction of the high-
quality nucleic acid from the environmental sample. The stresses in the extreme site are
the key hurdles for the extraction and the purification of the high-quality nucleic acids;
so, the sample processing is prerequisite for environmental metagenomics project
(Thomas et al. 2012). Isolation of poor-quality DNA may hamper the subsequent
analysis, 1.e., cloning and sequencing; so, the specific methods and protocol are needed
to extract the high-quality and high molecular weight (HMW) community genomic DNA
from the environmental sample. Various direct environmental DNA extraction methods
including freezing-thawing, bead beating, and ultrasonication along with indirect
extraction methods like PEG-NaCl-based and enzyme lysis with hot detergent treatment
are being used for the extraction of environmental DNA and viable for the functional
and structural profiling of the microorganisms (Delmont et al. 2011; Narayan et al.
2016). Based on direct and indirect extraction, nowadays commercial kits are also



developed by many manufacturers to extract the nucleic acid in good quality and
quantity from soil and water samples. However, the success of the DNA extraction
depends on the microbial population and the physiological status of the cells.

Heterogeneous microbial communities exist in the environment, and all the
microbial cells have the substantial structural variation in the cell wall and cell
membrane. So the cellular dissimilarity in the microbial species restricts the selection
of single universal cell lysis method to extract the nucleic acid. However, harsh
treatment can be used but such conditions cause damage to DNA and mild treatment
leads to less recovery. So, the combination of chemical, physical/mechanical, and
biological cell lysis is best suitable for the extraction of high-quality environmental
DNA (Baget al. 2016). The environmental stresses have also increased the difficulties
in extraction procedure as the extremities may give the adaptive and protective
mechanisms to the microbial cell to survive in the extreme conditions, which may make
the cell very resilient to lysis and consequently inadequate nucleic acid will be taken
out that missing genomic contents of rare species. Hence, before starting on the extreme
environmental metagenomics project, one should thoroughly study all the geological,
biological, and cellular features to extract the high-quality HMW community genomic
DNA (Table 5.2).

Table 5.2 Challenges in DNA extraction from the various extreme biosphere and methodologies required for the
success of extraction (Note: CW cell wall and CM cell membrane)

Extreme | Microorganisms and |Challenges in DNA Methodologies and References
biosphere |its adaptive and extraction modification required for
(stresses) protective cellular DNA extraction
me chanis ms
Hot spring | Thermophiles and High G + C % content, high | Enzymatic lysis is required |Koga (2012),
Volcanoes | hyperthermophiles: CW: | content of histones like protein|for removal of proteins Klingl (2014),
(high very thick with chaperonin protein, archaeal Ramakrishnan
temperature) pseudomurein and rigid |cell resistant to lysozyme and Adams
~ q CM: long, branched, (1995)
—=m | and cyclic fatty acid
S i, cther lipid in
S embrane

Extra cell envelope
called S-layer

Glacier Psychrophiles and Cell lysis during the sampling |No special modification Goordial et al.
Cold arid psychrotrophs and transportation due to the |required except the protein |(2016), De
desert CW: fragile to high temperature changes removal and physical lysis | Maayer et al.
(low temperature of cells (2014)
temperature)| CM: membrane lipids
m have high unsaturation

@ sade o ¢ and average chain

length with methyl

branching




High content of cold-

shock proteins
Desert Xerophiles or Cells are hardy due to Cell lysis difficulties due to | Kumar Gothwal
Arid soil xerotolerant sporulation or viable-but-not- |the accumulation of et al. (2007),
(desiccation, | CW: desiccation- culturable state compatible solute and Kuske et al.
high resistant proteins dormancy. (1997)
radiation, CM: membranes Pretreatment and bead
and high contain glycerol beating are necessary
temperature)| The cell contains
various compatible
- solutes, i.e., trehalose
Sporulation state
Salt lake Halophiles High accumulation of K+ and | Salt hinders the cell lysis | Purohit and Singh
Saline pond |Halotolerant compatible solute, the high salt| Excesses salt and protein | (2009), Narayan
Marine Haloversatile stability of cells removal is required ctal (20_16)’
environment | CW: negative-charge Ié;)arriio(slh;;g;d
(high salt amino acid in cellular
and high pH) | proteins, ether in
“ | membrane lipid of
.|| Archaea
& | CM: salt-stable proteins
and more hydrophilic
proteins
S-layer and biopolymers
on cell surface
Alkaline lake| Alkaliphiles High Na+ concentration in High Mg concentration will | Horikoshi and
Soda lake | Haloalkaliphiles cell, alkali, and detergent- facilitate the cell lysis and | Grant (1998),
(highpH) |CW: excess of tolerant proteins purification agents are Verma and
hexosamines and amino required Satyanarayana
| acid, high cross-linking (2011)
| rate in peptidoglycan,
acidic polymers
CM: membrane proteins
are alkali stable
Cells internalize high
Na+
Acid mine | Acidophiles High metal tolerance via CaCOj pretreatment Sagova-
drainage Thermoacidophiles complexation of free metals, necessary Mareckova et al.
Fumarole CW: hydrophobic in few cases high G + C% (2008)
(low pH and | proteins content Overall gegatlve
high CM: very less positively charges on protein
temperature)| charged residues

—

Exopolymer and

&1 rusticyanin in cell

Submarine
volcano

Piezothermophiles

Helix-colil transition of DNA
and histone-like

Pretreatment with lytic
enzymes required followed

Michels and Clark
(1997), Morono et




(hydrostatic | Acidothermophiles Isopiestically and isothermally | by heating with chemical |al. (2014)

pressure, | polyextremophiles sample collection is required | lysis for high-quality DNA
salt, and high| ~y. o ry thick and to avoid the cell lysis extraction

temperature)

resistant to pressure

CM: monounsaturated
fatty acids

Compact
macromolecular
structure

5.5 Sequencing Platforms

Metagenomics analysis using DNA sequencing technique is performed either through
gene-targeted metagenomics (i.e., 16s rRNA or 18s rRNA) for taxonomic assessment or
whole genome shotgun sequencing for structural and functional analysis (Ghelani et al.
2015; Dudhagara et al. 2015; Patel et al. 2015). Presently, various NGS platforms are
effectively used for the metagenomics pipeline including the AB SOLiD System, 454
GS FLX, Illumina MiSeq, Roche-454, and Ion Torrent (Liu et al. 2012; Mardis 2013).
All these sequencing techniques are not feasible in off-grid analysis and offer short read
length, creating the difficulties in assembly process which consequently affects the
downstream analysis including the taxonomic and functional profiling. Two modern
sequencing platforms (1) PacBio sequencing and (2) Oxford nanopore sequencing
recently emerge, which offer the advantages over the limitations of the above-discussed
NGS techniques. Both provide longer reads mainly useful for the analysis of a diverse
pool of microorganisms.

5.5.1 PacBio Sequencing

PacBio sequencing is a real-time sequencing developed by Pacific Biosciences,
California, USA. The single-molecule real-time (SMRT) sequencing of single-stranded
circular DNA is based on a template called SMRTbell, which is loaded into a chip
referred as an SMRT cell (Travers et al. 2010). The key features of this sequencing

method are the long read length up to 10* bp which makes it suitable for microbiome
analysis by the full-length sequencing of target genes, 1.e., 16S rRNA (~1500 bp) and
18S rRNA (~1800 bp) (Schadt et al. 2010). Longer read output is important to improve
the contiguity in the assembly process. However, the higher error rate, high cost, and
lower sequencing depth are major demerits of the technique (Rhoads and Au 2015).
Recently, large contigs and minimizing the errors with >99% Q20 accuracy can be
achieved using long read circular consensus sequencing (CCS) and place it
comparatively affordable for the metagenomics analysis pipelines (Frank et al. 2016).
So the aim of the metagenomics projects can be easily achieved by obtaining long contig



sizes with negligible possibilities of misassemblies. PacBio sequencing is suggested for
the analysis of microbial abundance and taxonomic assessment. Furthermore, the fusion
assemblies using PacBio CCS and Illumina HiSeq contigs improve statistics of
assembly, overall contig length and number.

5.5.2 Oxford Nanopore Sequencing

It is a very impressive fourth-generation sequencing method. It is based on the nanopore
embedded in the membrane, which is kept at a certain voltage. When the ssDNA or
ssSRNA passes through the nanopore, the current level variation is detected resulting into
decoding of nucleotide order (Ashkenasy et al. 2005). Oxford nanopore technologies
have devised the portable MinlON sequencer. This is very fast, is small in size, and
produces the 200 kb long reads with high accuracy. Ultra-portability offers the in-field
metagenomics analysis and hence overcomes the difficulties associated with the
preservation and transportation of extreme environmental sample to the laboratory.
Environmental samples from the glacier and hot springs are easily getting degraded in
transit and biases acquired by taphonomic degradation during storage and subsequent
extraction. The in situ microbial community analysis using portable nanopore
sequencing methods improved agility to analyze environmental microbiomes (Edwards
et al. 2016). However, the off-grid metagenomics analysis should be cross-validate
before applying to the search the microbial life and extraterrestrial life in their
habitation.

5.6 Future Prospects

Environmental microbiomics will bring new insights very shortly in the comprehensive
determination of the microbial composition. The newest subdisciplines within the
metagenomics field referred as metatranscriptomics and metaproteomics are also new
hopes to offer the more resolution in structure and function of the microbial community.
In the future, the single-step DNA extraction, rapid library preparation, and fast real-
time in situ DNA and RNA sequencing will uplift the extreme biosphere microbiomics.
The recent emergence of progressive miniaturization in the sophisticated tools and
techniques will move the laboratory-dependent analysis toward in-field study to capture
the more real microbial profile. Fusions of the sequencing and Raman spectroscopy, as
well as mineralization of bioinformatics tools, are also the good hope in the future for
search and analysis of microbial life. However, the universal standards of procedures
and protocols should be established for uniformity research on environmental
metagenomics, like human microbiome.
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Abstract

To characterize the diversity of gut microbial community structures of Asian people,
Asian Microbiome Project (AMP) has been established. AMP notably aims to
understand the linkage of their gut microbiota with diets and its impact on their health.
To that end, AMP began with phase I which focused on the gut microbiota of school-age
children who must follow the regional dietary habit. Stool samples were collected from
303 school-age children living in urban or rural regions in five countries spanning
temperate and tropical areas of Asia. Bacterial compositions of those samples were
determined by using the hypervariable sequences of 16S rRNA V6-V8 region analyzed
by 454 pyrosequencing platform. Their community profiles were characterized into two
enterotype-like clusters, each driven by Prevotella (P-type) or
Bifidobacterium/Bacteroides (BB-type), respectively. Moreover, random forest
analysis marked the participant country of residence through fecal species analysis by
demonstrating accumulating gut microbiota. The predicted metagenomics using PICRUSt
program has suggested overrepresentation of certain enzymes which may reflect their
intestinal environment, such as amylase for nondigestible starch in P-type subjects and
choloylglycine hydrolase for bile acid metabolism in BB-type subjects. Following this
pilot study using 454 sequencing platform, MiSeq pair-end sequencing platform has
been introduced into AMP. The MiSeq platform covered more than 99% of gut
microbial community profile. Enterotyping was reproduced regardless of the read
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regions and taxonomy levels. Further study using the MiSeq 16S rRNA metagenomics is
promising to gain deep insight of gut microbial community of Asian people.

Keywords Asian gut microbiome — Enterotype — 16S rRNA — Metagenome

6.1 Introduction of Asian Microbiome Project (AMP)

Human gastrointestinal tract is the home of thousands of normal flora microbial species
which are influenced by several intrinsic and extrinsic factors (Simon and Gorbach
1984; Lozupone et al. 2012). Among many extrinsic factors, diet is a driving key as on
top of nutrition provision while it also contribute to the diversity of microbial
composition (De Filippo et al. 2010; Lee 2012; Wu et al. 2012; Zhang et al. 2014).
Hence, Asian Microbiome Project (AMP) was established to characterize the diversity
of gut microbial community structures of Asian people, with notable aim to understand
the linkage of their gut microbiota with diets and its impact on their health and diseases.
Hence of all information, it will enable to create a microbiota database of Asian
society.

AMP involves different phases, whereas Phase I involved the profiling of gut
microbiota of school-age children whose microbiota expected to follow the regional
dietary habit (Nakayama et al. 2015). Stool samples were collected from 303 school-
age children living in urban or rural regions in five countries spanning temperate and
tropical areas of Asia. Fecal microbiomes of Asian children showed a local variation
and geographical locations which reflect to their country of residence as it represents
the dietary habits and lifestyle.

Phase II aims to build a comprehensive gut microbiome database covering whole
age samples from newborns to elderlies. Notably, we will gain an insight in age-related
change in gut microbial community structure which may associate with decay of host
physiology and immunology.

Phase III studied the highlighted important differences in microbial composition
from phase I and made cohort studies for deducing the cause of differences, i.e., the
place of origin, dietary habit, lifestyle, and the cause of enterotype differences among
the age groups.

6.2 Phase I Pilot Study (Nakayama et al. 2015)

6.2.1 Bacterial Composition and Enterotype Clustering of
303 Children Samples

The human gut microbiota varies between and within individuals, due to influence of
different internal and external factors. Fecal bacterial compositions of 303 children



from ten cities of five countries were profiled by using the hypervariable sequences of
16S rRNA V6—-V8 region analyzed by 454 pyrosequencing platform. With the advantage
of the sequence-based community data, the bacterial compositions were summarized at
all taxonomic level from phylum to OTU (operational taxonomic unit) and analyzed
comprehensively in depth. In particular, family-level structure clearly represents the
characteristics of gut microbiota of each city (Fig. 6.1a). It is mainly represented by five
dominant families, Lachnospiraceae, Ruminococcaceae, Prevotellaceae,
Bacteroidaceae, and Bifidobacteriaceae. Lachnospiraceae and Ruminococcaceae are
dominant members of order Clostridiales in phylum Firmicutes. But they consist of a
number of species including unknown ones. In most Asian children, these two
Clostridiales families account for about 50% of total community. The other three
families mainly consist of one or a few genera; Prevotellaceae and Bifidobacteriaceae
mostly consist of single genus, Prevotella or Bifidobacterium. Abundance of these three
families is characteristic; children in East Asia are more colonized by
Bifidobacteriaceae and Bacteroidaceae, while those in Southeast Asia are highly
colonized by Prevotellaceae. These features are further highlighted by cluster analysis
on a principal component analysis plot, suggesting samples in each cluster share the
same type of microbial community and samples from each cluster have distinct
community with each other. Eventually, these two microbiota communities were termed
Prevotella-type (P-type) and Bacteroides/Bifidobacterium-type (BB-type).
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Fig. 6.1 Comparison of fecal microbiota of school-age children living in ten cities of five countries in Asia. (a) Fecal
microbial composition by city. Pie chart represents relative abundance of dominant bacterial families. The data are
averaged from 25 to 43 subjects in each city. (b) Distribution of enterotypes in each city

These two types probably correspond to enterotypes observed in a European
consortium study named MetaHIT, although the numbers of enterotypes were originally
reported to be three (Arumugam et al. 2011). This discrepancy might be due to the



differences in subject ethnicity and age. AMP phase | samples were from school-age
preadolescent children known to be more colonized by Bifidobacterium than adult GI
tract and also Western population. Indeed, Bifidobacterium did not appear as a main
loading factor in the Western enterotyping graph. Instead of Bifidobacterium loading,
Ruminococcus-driven clusters were observed in the Western enterotyping. Perhaps, due
to the higher number of analyzed samples, the border between Bacteroides-type and
Ruminococcus-type became unclear. This less-clear cut was observed in the study of
human microbiome project in the United States with larger number of samples (Koren et
al. 2013). In AMP dataset, BB-type cluster of Asian population appears to include the
two enterotype clusters of Ruminococcus-type and Bacteroides-type, while P-type
cluster is not completely but significantly segregated from BB-type cluster. It suggests
that these two types of microbiota consist of independent stable community,
respectively.

6.2.2 Predicted Function of Each Enterotype Community

To get hints to understand the functional difference between two enterotypes, we
performed the “phylogenetic investigation of communities by reconstruction of
unobserved states (PICRUSt).” In this simulation, abundance of each functional gene in
each sample was estimated based on phylotype composition in each sample deduced
from the 16S rRNA count data and the gene count and annotation matrix for each
phylotype. The PICRUSt simulation of 303 Asian children’s samples showed
overrepresentations of some genes in either enterotype group, which may, respectively,
reflect their intestinal environment. P-type samples are enriched in genes for a-amylase
and pectinase, suggesting that P-type microbial community favors plant
oligosaccharides. Indeed, it is known that vegetarians commonly harbor P-enterotype
(Ruengsomwong et al. 2016). On the other hand, choloylglycine hydrolase, which is a
key enzyme for deconjugation of bile acid, is overrepresented in BB-type samples,
suggesting that BB-type microbial community is exposed to high fat environment in the
intestine. Indeed, it is known that BB-type associates with high fat and high animal
protein diet (Wu et al. 2012) and is common in developed countries where people favor
high fat and high animal protein diet. In the case of Asian population, distribution of two
enterotypes nicely correlates with cultivar of rice daily consumed as a staple food. In
Southeast Asia where P-type is dominant, Indica rice is a major cultivar, while B-type
i1s dominant in East Asia where Japonica rice is mainly eaten. Nondigestible starch
highly present in Indica rice may deliver amylose to the large intestine and promote the
growth of Prevotella with amylase activity. In BB-type subjects, high concentration of
bile acids secreted in response to high fat intake may hamper the colonization of bile-
sensitive species, like Prevotella. Indeed, BB-type microbiota is less diverse within an
individual (alpha diversity) compared with P-enterotype.



6.2.3 Local Variation Associated with Country

Following enterotype analysis, local variation of gut microbiota among Asian children
was investigated. For this purpose, random forest analysis, which is a machine-learning
classifier, was employed. The bacterial composition data of the 303 children was
subjected to the random forest algorithm to simulate origin of samples. Identification
was attempted for city or country of residence of sample providers, by using the 16S
rRNA-based bacterial composition data at different taxonomic levels from phylotypes
to genus. Classification was achieved at high probability according to country (74.3%)
but not city (56.1%), suggesting the local variation in microbiota more associates with
the country of residence. Particularly, children of Japan and Indonesia could be
identified at 97% and 86% probability, respectively. It is interesting to see a
multidimensional scaling (MDS) plot based on the calculated proximity, which mirrors
geographical location of countries. Indeed, Chinese samples are localized in the root,
Japanese and Indonesian are localized at a tip of two branches, and Taiwanese and Thai
samples are localized in the middle between Chinese and Japanese and between
Chinese and Indonesian, respectively. These associations between gut microbiota and
geography may be linked with the migration of agricultural products which could be one
of major determinants for gut microbial composition.

Furthermore, we performed hierarchical clustering using top 30 bacterial species
with the highest Gini score for the identification of countries in the random forest
classification analysis (Fig. 5b in Nakayama et al. 2015). As a result, the species were
clustered into four groups, each associated with country of residence. Cluster I mainly
comprises the BB-type bacteria such as Bifidobacterium and Bacteroides species,
which are abundant in China, Japan, and Taiwan. Cluster I includes
Phascolarctobacterium faecium which is particularly abundant in China and Taiwan.
Cluster III comprises P-type species such as Prevotella copri and Desulfovibrio piger.
Clusters Il and IV display a unique distribution profile independent of the two
enterotypes. For example, two Dorea species in cluster II were abundant in China in
addition to the P-type countries, and Dialister invisus in cluster IV was detected from
67% of children in Japan but only 18% from other cities. The next question should
address the factors recruiting these local variations and then the effect of these
characteristic microbiota on the host health.

6.3 Comparison of 16S rRNA Metagenomic Data from MiSeq
Platform to that from 454 Platform

6.3.1 Reanalysis of AMP Phase I Samples Using Illumina
MiSeq Platform



With the new establishment of [1lumina MiSeq pair-end sequencing platform, lower-cost
16S rRNA metagenomics has been realized. Indeed, sequencing cost per reads has been
reduced to lower than one tenth. AMP has also introduced the MiSeq pair-end
sequencing system for the metagenomic 16S rRNA analysis. To evaluate the data quality
for the gut microbiota analysis, we herewith carefully compare the results from 454
MiSeq platforms. An output detail in each step of sequence data processing is
summarized in Table 6.1.

Table 6.1 Summary of 16S rRNA sequencing for AMP phase [ by MiSeq and 454 Titanium platforms (data overview
of different NGS platforms)

MiSeq 454 Titanium
V1v2 V3v4 V6vV38
# Samples 300 300 303
# Raw seqs. 7,939,563 8,119,460 2,296,414
# High quality segs.| 5,275,081 3,870,108 1,866,525
# Segs. per sample | 20,523 + 13,564|20,846 + 13,713/ 5623 + 2038
# OUTs 1752 1032 3003
# OUTs per sample | 238 + 69 193 + 63 418 £ 135
# P-type / BB-type | 104/196 97/203 88/215
Good’s coverage |0.992 0.996 0.937

From 303 samples of phase I, 300 samples were reanalyzed by the MiSeq pair-end
sequencing platform. Since the available read length is somewhat shorter than that
obtained by 454 Titanium platform, V1-V2 and V3—V4 region was analyzed instead of
V6-V8 region analyzed by 454. Also in MiSeq, multiplex barcode sequencing system
was employed to analyze up to 392 samples at a run.

The total number of raw reads obtained by the MiSeq platform was approximately
four times higher than those obtained by the 454 Titanium platform. Yield of high-quality
sequences from raw sequences was significantly lower in the MiSeq platform compared
to the 454 platform. This should be due to the difference in the sequencing systems;
pair-end sequencing was performed in the MiSeq platform, while single-pass
sequencing was done in the 454.The paired reads obtained in the MiSeq system should
be merged and this extra step reduced the number of sequences used for the following
step. Notably in the case of V3—V4, yield of high-quality merged sequences was
significantly lower. This is because the V3—V4 region was significantly longer than the
V1-V2 region and the lower-quality regions were obliged to be used for merging. The
merged sequences were then clustered into operational taxonomic units (OTUs) by using
UPARSE program which is evaluated as one of the best algorithms for OTU clustering
in terms of the number of obtained OTUs comparable with real number of species
(Edgar 2013). Indeed, the number of resulted OTUs was 1752 (238 per sample) in V1—



V2 and 1032 (193 per sample) in V3—V4, while that in V6—-V8 by the 454 platform
using UCLUST algorithm was 3003 (418 per sample). A shotgun metagenomics study,
which provided much finer taxonomic information using up to full-length 16S rRNA
sequences than 16S rRNA metagenomics using its partial sequences, has indicated that
the entire cohort of 124 Europeans harbors between 1000 and 1150 prevalent bacterial
species and each individual at least 160 such species (Qin, J. et al. 2010). Referring to
this study, the data obtained by MiSeq platform is considered to be closer to real picture
of human gut microbiota. Good’s coverage estimated by the OTU composition of each
sample, the so-called OTU table, showed more than 99% in both V1-V2 and V3-V4,
suggesting adequate depth of obtained data for gut bacterial community structure.

6.3.2 Comparison of Bacterial Composition Data at Each
Taxonomic Level Obtained by Different NGS Platforms

Figure 6.2 shows the number of classified taxonomic groups at different taxonomy
levels from phylum to species. They are totally comparable at all taxonomic level.
Species identification by using short 16S rRNA amplicon sequences is generally
difficult. Here we use SeqMatchQ400 algorithm (Nakayama 2010) to find the most
probable species from the Ribosomal Database Project I (RDP-II) database. The
number of species identified from each amplicon data (S_ab score higher than 0.84) is
shown in Venn diagram in Fig. 6.2. This data indicates that approximately 50%
corresponding to 153 species are commonly identified among the three different
sequenced regions (Fig. 6.2).
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Fig. 6.2 Comparison of the number of classified taxa observed by the different NGS platforms. 300 samples of AMP



phase I study were analyzed by sequencing different 16S rRNA regions in each platform

6.3.3 Comparison of Family-Level Composition Profiles
Determined by Different NGS Platforms

Figure 6.3 showed family-level gut bacterial compositions of phase I subjects, each
determined by MiSeq V1-V2, MiSeq V3-V4, and 454 V6-V8. Similarly to Fig. 6.1a,
five dominant families were commonly observed in all analyses. Although the relative
abundance of each family differs remarkably depending on the read regions, substantial
difference was observed in the total profile between three cities in right side and the
rest in left side. This corresponds to enterotypes and will be addressed in more detail in
the next subchapter.
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Fig. 6.3 Comparison of family-level composition profiles determined by different NGS platforms. 300 samples of
AMP phase I study were analyzed by sequencing different 16S rRNA regions in each platform, and the relative
abundances of five dominant families in each sample were graphed. The 300 bar graphs were arranged horizontally by
city. BJ Beijing, LC Lanzhou, 7C Tokyo, FK Fukuoka, TP Taipei, TC Taichung, BK Bangkok, KK Khon Kaen, YK
Yogyakarta, BL Bali

6.3.4 Enterotype Clustering on the Three Different Datasets

Figure 6.3 shows big difference in the bacterial composition between left seven cities
from East Asia and Bangkok and right three cities from Southeast Asia, which
corresponds to enterotype variation. This distinct profile was commonly observed
independently of the 16S rRNA regions sequenced. Then, we further confirmed
enterotype clustering using the three different datasets. Enterotype clustering was
performed according to the same methods used for the V6-V8 pilot study shown in Fig.



6.1b (Arumugam et al. 2011; Nakayama et al. 2015). Here, composition data at genus
level and OTU level were applied in addition to family-level data. Jensen-Shannon
distance was calculated for genus and family levels and weighted UniFrac distance was
calculated for OTU level. Then, PAM clustering was performed based on the distance
matrix. The optimal number of clusters was chosen by maximizing the Calinski—
Harabasz index, and the resultant clusters were validated based on the prediction
strength (PS) (Tibshirani and Walther 2005) and average silhouette width (SW)
(Rousseeuw 1987). Independently of the read regions and taxonomy levels, two
significant clusters were obtained, although validation scores differ in a certain extent
(Fig. 6.4). Regarding taxonomy, family level shows stability with highest scores of PS
and SI, while V6—V8 marked the highest stability among the three regions. The
enterotypes identified to the 300 samples were mostly consistent; more than 91.3%
samples were identified to same enterotype among the three analyses. Taken together,
enterotypes significantly represent global types of gut microbiota of Asian children,
although enterotype concept is controversial in intestinal microbiology at present in
terms of whether the number of clusters i1s two or three, and the difference in the
community profile is distinctive or continuous (Koren et al. 2013).
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Fig. 6.4 Enterotype clustering on different NGS platforms and different taxonomic levels. SI and PS represent the
silhouette width and prediction strength, respectively. Ratio values at the bottom of each analysis represent the number
of samples identified BB- and P-types, respectively

As shown in Fig. 6.5, P-type samples have distinctive bacterial composition in
which Prevotellaceae is highly abundant, while the rest of other four dominant families,



notably Bacteroidaceae, are reduced compared to BB-type. In addition to this bacterial
composition difference, alpha diversity corresponding to species richness within
individuals also differs between the two enterotypes. Regardless of the regions
sequenced, the number of OTUs observed in P-type samples was significantly higher
than those in BB-type. As indicated by PICRUSt analysis, BB-type community may be
exposed to high level bile acids with antimicrobial toxicity, which may cause the less
variety of inhabiting bacteria.
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Fig. 6.5 Rarefaction curve for the number of OTUs observed in each enterotype. The values are simulated based on
the sample OTU matrix obtained from V1-V2 (a), V3—V4 (b), and V6-VS8 (c) datasets

According to the result of phase I study, gut microbiota of Asians differs largely but
can be classified into a few community types defined as “enterotype.” To gain deeper
insight of gut microbiota of Asian people and understand the structure and function as an
interface between foods and host health, we definitely need more and larger-scale study
and AMP has started to phase II study to collect the 16S rRNA data of all age groups of
Asians. The MiSeq platform will be a powerful tool to achieve our objective.

6.4 Summary

6.4.1 Summary of the Chapter

By using Illumina MiSeq and Roche 454 sequencing platforms, we analyzed 16S rRNA
metagenomics for 300 stool samples of school-age children living in east and southeast
Asia. The MiSeq platform has realized low-cost and high-performance 16S rRNA
metagenomics to cover more than 99% portion of microbial community in each sample.
Regardless of the sequencing systems, sequenced regions, and taxonomy levels, the
microbiota profiles of 300 subjects were classified into two types, each defined by high
abundance of Bacteroides/Bifidobacterium (BB-type) or Prevotella (P-type),
respectively. These enterotype-like global variations of gut microbiota associated with
country of residence of sample providers and are supposed to reflect dietary habit.



Conclusion Gut microbiota of Asians differs largely but can be classified into two
distinct community types defined as “enterotype.” 16S rRNA metagenomics using
MiSeq pair-end sequencing platform is a powerful tool at present and in the future to
understand the structure and function of gut microbial community of Asians as an
interface between varied foods and host physiology and health.
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Abstract

Human milk is a vital source of nutrient as well as a continuous source of bacteria to
newborn. Microbes are present in milk aid to initiation and development of infant gut
microflora. These bacteria play a vital role in lessening of incidences and severity of
infection to the child. Breast milk protects the newborn against infectious diseases, as it
consists of different antimicrobial compounds, immunoglobulin, immune component
cells, and bacteriocins secreted by probiotic bacteria, which all together provoke the
growth of the helpful bacteria in neonate gut. However, breastfeeding mothers may also
experience a condition called mastitis. Mastitis, one of the most common conditions
experienced by breastfeeding mother, is an inflammation of connective tissue within the
mammary gland. It is caused by a mixture of pathogenic bacteria and often treated with
antimicrobials. The recent advances in metagenomic sequencing and amplicon
sequencing technologies, which try to capture all the DNA information from the
biological sample, have been widely used for the characterization of microbial
community present within a sample and identification of unknown etiological agents
involved in diseased condition. In the present review, effort has been made to
understand the development of milk microflora and also the microbial diversity in
healthy and infected breast. The present article reveals that breast milk is a source of
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more life than we envision.

Keywords Human milk — Microbiota — Metagenomics — Mastitis

7.1 Introduction

The human microbiome is defined as collection of microbial species that colonize many
body sites, including human milk. The human microbiome project was undertaken by the
National Institutes of Health with a goal to conduct survey of microbes present within
the body and those resting on human body and the potential impact these communities
have on health. However, one of the key systems was ignored, human milk. Human milk
was conventionally considered as sterile; however, recent examination discovered a
constant foundation of commensal, mutualistic, and probiotic bacteria in human milk.

7.2 Human Milk

Human milk is an intricate biological fluid which fulfills the nutritional supplies of
newborn baby, helps in the development of infant immune system, and provides defense
against pathogens (Morrow and Rangel 2004). Bioactive molecules like polyamines,
oligosaccharides, fatty acids, lactoferrin, lysozyme, immunoglobulin, immune-competent
cells, and antimicrobial peptides present in colostrum and milk (Newburg 2005) are the
main constituents involved in providing defense. Recent studies articulated the presence
of not only environmental bacteria but also the symbiotic and probiotic bacteria in the
milk which are transmitted through milk to the infant and hence contribute in initial
colonization of gut microflora of the infant (Martin et al. 2009). Daily consumption of

human milk by an infant is 800 ml/day; this in fact contributes to transport of 1 x 10° to

1 x 107 bacteria each day leading to their colonization in gut microflora (Heikkild and
Saris 2003). Human milk protects against gastrointestinal infections (Duijts et al. 2010),
respiratory infections (Nishimura et al. 2009), and allergic diseases (Greer et al. 2008;
Ip et al. 2008). According to the American Academy of Pediatrics (AAP), it also trims
down the possibility of diseases like inflammatory bowel disease (IBD), obesity, or
diabetes.

As neonates are born with immature immune system, they are more prone to get
infected. At that time breastfeeding helps in building up the immune system by providing
fatty acids, a-lactalbumin, sIgA, oligosaccharides, lactoferrin, lysozyme, antioxidants,
and cytokine molecules bearing immune-protective role (Chirico et al. 2008; Goldman
2007). Human milk proteome consists of 976 proteins, out of which plentiful possess
immunogenic property (Molinari et al. 2013; Gao et al. 2012). In addition to immune
molecules, human milk also consists of blood-derived leukocytes which get transported
to milk via the paracellular pathway. Bacteria present in human milk play numerous



roles in the infant gut; they reduce the occurrence and severity of infections, produce
antimicrobial compounds, or improve intestinal barrier function by enhancing mucin
production and dropping intestinal permeability (Olivares et al. 2014). Studies have
shown that accumulation of Lactobacillus strain, 1solated from human milk, reduces the
incidence of gastrointestinal infection, upper respiratory tract infections, and total
number of infections to 46%, 27%, and 30% (Maldonado et al. 2012). These
microorganisms also contribute in digestion by breaking down sugars and proteins and
also participate in the right maturation of the infant immune system.

7.3 Origin of Microflora in the Human Milk

Physiological and hormonal alteration occurring during and after pregnancy increased
gut permeability which in turn helps in the transfer of gut microflora to the mammary
gland. Dendritic cells and macrophages also play an important role in the migration of
microbes to the mammary gland (Fernandez et al. 2013). These bacteria are transferred
from maternal community to breast milk via the entero-mammary pathway (Fig. 7.1).
Along with above apparent mechanisms, the retrograde flux between the mother’s skin
microbes and infant’s oral microbes may also help in the development of the human milk
microbiome (Makino et al. 2011; Albesharat et al. 2011).
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Fig. 7.1 Origin of microflora in human breast milk. Source: Fernandez et al. (2013)

7.4 Mechanism of Health-Promoting Probiotic Bacteria
The milk microbiota plays a significant role in decreasing the frequency of infection to



the newborn babies due to their probiotic properties (Fig. 7.2). Probiotics have a
potential to produce antimicrobial substance like bacteriocins which work as
antagonists to the pathogenic bacteria and their efficient antagonistic activity is by alone
or synergistically. These antimicrobial substances can be protein and bioactive
peptides. Bacteriocins are important antimicrobial peptides which have therapeutic
activity against intestinal pathogenic microbes (Thirabunyanon et al. 2009; Verdenelli et
al. 2009; Gaudana et al. 2010). They also produce metabolites, i.e., acetic and lactic
acids, which reduce the pH in the intestine and generate adverse environment for
pathogen to survive (Ridwan et al. 2008). Probiotics can remove pathogens using
competitive exclusion and/or blocking their attachment at the intestinal epithelium cells
by competing for the glycoconjugate receptors (Vanderpool et al. 2008).
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Fig. 7.2 Mechanisms of action of probiotic bacteria

7.5 Cell of Human Milk

Human milk alters in composition since colostrum to late lactation and varies within
feeds and between mothers. Human milk consists of 75% leukocytes, i.e., neutrophils,
erythrocytes, macrophages, and lymphocytes, and 25% epithelial cells (Paape and
Weinland 1988). The epithelial cells of the glands are normally shed and get renewed,
but at the time of infection, the number increases. The white blood cells work as a
defense mechanism which fight against the infection and help in the repair of damaged



tissue. During inflammation, it was observed that the level of neutrophils increases by
90% 1n human milk to fight against infection (Miller et al. 1985; Cooey and Harmon
1994). Moreover, composition of somatic cells in human milk changes with respect to
lactation cycle and type of secretion (Table 7.1). Generally, the number of SCC in

human milk from healthy mammary gland is approximately 1 x 10> cells/ml, while

challenge with bacterial infection causes it to increase above 1 x 10 cells/ml (Bytyqi et
al. 2010). Of the somatic cells, leukocyte is the most studied cell type in human milk,
and depending on stage of lactation and health status of breastfeeding dyad, it may
account for considerable portion of human milk (Boutinaud and Jammes 2002;
Hassiotou et al. 2012; Cregan 2002; Ho et al. 1979). Many of these leukocytes are
activated, motile, and interactive (Smith and Goldman 1970). This suggests that they
confer active immunity to the infant (Wirt et al. 1991). This was further supported by in
vivo studies in animal models showing active transfer of milk leukocyte through the
intestinal epithelium into the blood circulation, and movement to and engrafiment in
different organs, including the mesenteric nodes, liver, and spleen (Weiler et al. 1983;
Zhou et al. 2000; Michie et al. 1998; Schnorr and Pearson 1984).

Table 7.1 Microbial diversity of human milk studied by culture-dependent and culture-independent methods

Sr. [Author’s Country and sample | Experimental Identified microbial profiles
no [name size techniques
1 |Martinetal. |Spain Culturing and Lactic acid bacteria, specifically Lactobacillus
(2003) No. of samples 8 identification of lactic  |gasseri and Enterococcus faecium, were
4 days postpartum acid bacteria using present in all the milk samples
RAPD analysis
2 |Gronlund et | Finland Real-time PCR Bifidobacteria were noticed in all milk samples
al. (2007) No. of samples 61 with the Bifidobacterium longum being most
mothers and infant pairs abundant
3 |Collado et al. |Spain qgPCR Lactobacillus, Bifidobacterium,
(2009) No. of samples 50 Staphylococcus, Streptococcus,
Enterococcus, and Clostridium clusters
XIVa—XIVb were the mainly abundant
4 |Solis et al. Spain Culturing and Streptococcus, i.e., Streptococcus salivarius,
(2010) No. of samples 20 identification of lactic ~ |was predominant followed by Lactobacillus

mothers and infants. At |acid bacteria and and Bifidobacterium
day 1, 10 days, 1 month, |bifidobacteria using 16S
and 3 months postpartum|TRNA sequencing and

RAPD

Culturing and
identification of lactic
acid bacteria using
RAPD, 16S rRNA
sequencing, and matrix-
assisted laser
desorption/ionization

5 | Albesharat et
al. (2011)

Syria Lactic acid bacteria like Lactobacillus,
Enterococcus, Pediococcus, Streptococcus,

Staphylococcus, and Weissella were isolated

No. of samples 30
mothers and infant pain
(1 month to 2 years
postpartum). Human
milk, maternal/infant
feces, and fermented




foods were collected (MALDI)
6 |Hunt et al. United States Pyrosequencing Most abundant genera were Streptococcus,
(2011) No. of samples 16 approach Staphylococcus, Serratia, and
22-26 weeks postpartum Corynebacterium. “Core” microbiome
includes Staphylococcus, Streptococcus,
three samples collected . .
from each subjects Serratza., Pseud?mc?nas, C.orynebacterlum,
Ralstonia, Propionibacterium,
Sphingomonas, Bradyrhizobium
7 |Collado et al. |Finland gPCR Most abundant genera were Lactobacillus,
(2012) No. of samples 56 Bifidobacterium, and Staphylococcus
mothers (22 overweight Staphylococcus occurred in higher
and 34 normal weight) abundance, and Bifidobacterium and
and their infants. 1-2 Lactobacillus were observed in lower
days (colostrum), 1 abundance in overweight mother
month, and 6 months
postpartum
8 |Cabrera- Finland Pyrosequencing, qPCR | Weissella, Leuconostoc, Staphylococcus,
Rubio etal | No. of samples 18 Streptococcus, and Lactococcus dominant in
(2012) 0-2 days, 1 month, and 6 colostrum, whereas Leuconostoc, Weissella,
months postpartum Lactococcus, and Staphylococcus in mature
milk
9 |Bhattetal |India Cultured probiotic Lactobacillus fermentum, Enterococcus
(2012) No. of samples 7 bacteria mundtii, Enterococcus faecium,
Randomly milk samples Lactobacillus reuteri, and Bacillus subtilis
collected were identified by 16S approach
10| Gonzalez et | Mozambique Culturing of 44 genera and 124 species were identified;
al. (2013) No. of samples 55 (29 of | nonfastidious bacteria, |commonly cultured isolates belonged to
whom tested positive for |yeasts, Staphylococci, Streptococci, and
HIV) 14 days, 15-90  |molds, PCR Lactobacilli
days, 91-180 days, and
181-360 days
postpartum
11|Jost et al. Switzerland Pyrosequencing, Firmicutes and Proteobacteria dominated.
(2013) No. of samples 7 RAPD, Sanger Staphylococcus, Streptococcus,
3-6 days, 9-14 days, and sequencing Pseudomonas, and Ralstonia were the most
25-30 days postpartum abundant genera
12|Wardetal.  |Canada Metagenomic 360 genera were identified. Proteobacteria
(2013) No. of samples 1 (ten  |sequencing on Illumina |(65%) and Firmicutes (34%) dominated;
andKhodayar-| milk samples pooled) Pseudomonas and Staphylococcus were the
Pardoetal |qg 3 days postpartum most abundant genera
(2014)
13| Khodayar- | Spain gPCR Lactobacillus, Streptococcus, and
Pardoetal |No. of samples 32 Enterococcus spp. were most prevalent
(2014)

1-5 days, 6-15 days, and
17-18 days postpartum
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Olivares et al.
(2014)

Spain

No. of samples 24 (half
with celiac disease)

1 month postpartum

gPCR

Bifidobacterium spp. were observed in all
milk samples. Bifidobacterium bifidum and
Bifidobacterium breve were the most
abundant

15| Urbaniak et | Canada Ion Torrent sequencing | Chemotherapy was associated with lower
al. (2014) No. of samples 9 (one microbial diversity and altered bacterial
undergoing profiles: decreased percentage abundances of
chemotherapy related to Acinetobacter and Xanthomonadaceae with
Hodgkin’s lymphoma) chemotherapy
16| Soto et al. Germany and Austria | Culturing of Lactobacilli and bifidobacteria were isolated
(2014) No. of samples 160 Lactobacilli and and identified
Mainly 1-4 weeks bifidobacteria
postpartum Its identification by 16S
sequencing
17| Vaidya et al. |India Culture-dependent At species level, Enterococcus faecalis,

samples without aseptic
cleansing and 60 samples
collected aseptically)

(2015) No. of samples 32 method Lactococcus lactis, Bacillus litoralis,
Sanger sequencing Bacillus licheniformis, Bacillus safensis,
Lactobacillus oris, Pseudomonas
aeruginosa, Staphylococcus aureus,
Staphylococcus epidermis, Lysinibacillus
spp. were identified
18| Cabrera- Spain Pyrosequencing Alteration in microbiome of human milk based
Rubio etal. | No. of samples 10 (six |qPCR on mode of delivery. Streptococcus,
(2015) vaginally and four Staphylococcus, Enterobacter, and
cesarean delivered Pseudomonas were the most abundant genera
mothers)
19| Urbaniak et |Canada [llumina sequencing No statistical difference was observed in
al. (2016) No. of samples 39 human milk microbiome based on birthing
method, gestation time, and infant gender.
Staphylococcus, Pseudomonas,
Streptococcus, and Lactobacillus were the
most abundant genera
20| Sakwinska et | China [lumina 16S sequencing | Streptococci and Staphylococci dominated in
al. (2016) No. of samples 90 (30 |qPCR both collection procedures. Acinetobacter was

predominant in milk collected without aseptic
cleansing

7.6 Microbial Profiling of Human Milk

During the last decades, microbiological studies that focused on human milk were
restricted to the identification of potential pathogenic bacteria in stored milk or milk
retrieved from maternal infected human milk, but microbes present in healthy human
milk are unexplored (EI-Mohandes et al. 1993; Wright et al. 1998). Standard
microbiological based culturing methods can only detect small proportion of bacteria




because the great majority of bacteria on earth are not culturable in laboratory
condition. To identify these unculturables and estimate real bacterial diversity, culture-
independent method is required. Sequence-based identification of microbial species
through sequencing has overcome the limitation. The nine hypervariable regions of 16S
rRNA can be used for identification of bacterial species. Amplification of 16S rRNA
region using universal primer is useful for estimation of bacterial diversity.

7.7 Culture-Dependent Assessment of Human Milk Microbial

Diversity

Initial report of culture-dependent methods for studying human milk microbial diversity
came in 2003 by Dr. Juan Rodriguez with his associate researcher R. Martin. They
1solated a total of 178 isolates from each mother and infant pair (human milk, nipple
areola, infant’s mouth and feces) and subjected it to randomly amplified polymorphic
DNA (RAPD) analysis and identified by 16S rDNA sequencing. Bacteria having
identical profiles in mother and child pair were identified as Lactobacillus gasseri and
Enterococcus faecium. Surprisingly, none of the lactic acid bacteria isolated from
breast skin shared RAPD profiles into other sources (Martin et al. 2003).

After that Gronlund et al. (2007) studied the association of maternal fecal and breast
milk bifidobacteria and infant fecal bifidobacteria using real-time PCR from 61 mother-
infant pairs. They found that Bifidobacterium longum was the most abundant species
1solated from breast milk. Moreover, they concluded that Bifidobacterium adolescentis
and Bifidobacterium bifidum colonization frequency and count correlated significantly
among mother and infant pairs (Gronlund et al. 2007).

Collado et al. (2009) in their study examined 50 breast milk samples for the
presence of differential bacterial genera by using qPCR technique. They found that
Staphylococcus, Streptococcus, Bifidobacterium, and Lactobacillus were the most
abundant genera in all the samples. In addition, Collado et al. (2012) studied the effect
of maternal weight and weight gain during pregnancy on milk microbiota (56 mothers,
22 overweight and 34 normal weight) using qPCR. Staphylococcus group bacteria were
observed in higher number, whereas Bifidobacterium group was in lower level, in
overweight mother compared to normal-weight mother. Moreover, they found higher
prevalence of Akkermansia muciniphila in higher number in breast milk of overweight
mothers (Collado et al. 2009).

Solis et al. (2010) studied the development of lactic acid bacteria and
bifidobacteria during the first 3 months of life in 20 vaginally delivered breastfed
infants and mothers. Streptococcus, Lactobacillus, and Bifidobacterium were the most
dominant genera in breast milk contributing to the initial establishment of microbiota in
newborn (Solis et al. 2010).



Albesharat et al. (2011) isolated a total 700 isolates of LAB from fecal sample of
breastfeeding mother, feces of their infant, from breast milk, and from fermented food
that 1s normally consumed in Syria, and characterized it by RAPD and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Their
study demonstrates occurrence of 36 different species of Lactobacillus, Enterococcus,
Streptococcus, Weissella, and Pediococcus. Interestingly, they found identical RAPD
genotype of L. plantarum, L. fermentum, L. brevis, Enterococcus faecium,
Enterococcus faecalis, and P. pentosaceus in feces of mother, in breast milk of mother,
and in feces of her babies (Albesharat et al. 2011).

In 2014, Khodayar-Pardo et al. studied the bacterial population present in 32
Spanish breastfeeding women using quantitative PCR and determine the influence of
lactational stage, gestational age, and delivery mode on milk microbiota. They
identified Enterococcus, Lactobacillus, and Streptococcus spp. as the dominant
bacterial group. They also concluded that Bifidobacterium is found more commonly in
vaginal than cesarean deliveries (Khodayar-Pardo et al. 2014).

Afterward, Soto et al. (2014) isolated Bifidobacterium, Lactobacillus,
Enterococcus, and Staphylococcus species from breast milk of 47 Slovenian lactating
mother. Moreover, Gonzalez et al. (2013) also found Staphylococcus, Streptococcus,

and Lactobacillus genera in breast milk collected from 121 Mozambique women
(Albesharat et al. 2011).

7.8 Culture-Independent Assessment of Human Milk

Microbial Diversity

In 2011, Hunt et al. used a new approach (454 pyrosequencing), which utilized specific
primer targeting the VI-V2 hypervariable region of 16S rRNA gene of bacteria. They
characterized microbial diversity and temporal stability of bacterial profiles in healthy
human milk collected from 16 US women over a 4-week period (Hunt et al. 2011). Half
of the bacterial sequences were contributed by nine “core” OTUs which include
Pseudomonas, Staphylococcus, Serratia, Corynebacterium, Ralstonia, Streptococcus,
Sphingomonas, Bradyrhizobium, and Propionibacterium. Moreover, the proportion of
these core OTUs varied greatly between subjects.

Similarly, Cabrera-Rubio et al. (2012) studied bacterial diversity in human milk
over three different time points (colostrum 1 and 6 months postpartum) in 18 Finnish
women (Cabrera-Rubio et al. 2012). They found that human milk microbiome changes
over lactation period. Bacteria belonging to Weissella, Leuconostoc, Staphylococcus,
Streptococcus, and Lactococcus were more abundant in colostrum. While in 1- and 6-
month milk samples, Veillonella, Leptotrichia, and Prevotella, typical inhabitants of
oral cavity, increased significantly. Moreover, they concluded that milk from obese



mother tends to be altered and less diverse than normal-weight mothers.

Jost et al. (2013) examined bacterial diversity in breast milk of seven mothers at
three different sampling points (days 3—6, 9—14, and 25-30 postpartum) using culture-
dependent and culture-independent techniques. They found that Firmicutes,
Proteobacteria, Bacteroidetes, and Actinobacteria were the most abundant phyla,
including representatives from the genera Pseudomonas, Staphylococcus, Ralstonia,
Streptococcus, Bacteroides, Blautia, and Bifidobacterium. Moreover, they also found,
for the first time, bacteria belonging to Faecalibacterium and Roseburia, which are
butyrate producers and important for colonic health (Jost et al. 2013).

After that, Ward et al. (2013) performed metagenomic functional analysis of a
pooled milk samples from ten donor mothers using Illumina sequencing. Over 360
bacterial genera were identified with predominance of sequences belonging to
Proteobacteria and Firmicutes. In addition, they also concluded that human milk is less
diverse than the feces of infant and mother at the phylum level. Human milk contained
prominent amounts of genetic component which link with nitrogen membrane transport,
stress response, metabolism, and immunomodulatory functions (Ward et al. 2013).

In addition, Urbaniak et al. (2014) studied bacterial diversity in human milk
collected every 2 weeks over a 4-month period from lactating mothers undergoing
chemotherapy of Hodgkin’s lymphoma. They found that chemotherapy causes substantial
alteration in microbiome from healthy controls, with reduction in genera such as
Bifidobacterium, Eubacterium, Staphylococcus, and Cloacibacterium (Urbaniak et al.
2014).

Two recent independent studies by Cabrera-Rubio et al. (2015) and Urbaniak et al.
(2016) studied the milk microbiota composition of healthy women and correlated it to
birthing method. In addition to birthing method, Urbaniak et al. (2016) also studied
alteration of milk microbiota with gestation time and infant gender. Urbaniak et al.
(2016) 1n their study collected human milk from 39 Canadian mothers and analyzed
microbial profiles by 16S rRNA sequencing using Illumina platform. They found
Proteobacteria and Firmicutes as most dominant phyla and Staphylococcus,
Pseudomonas, Streptococcus, and Lactobacillus as most abundant genera. However,
comparison of bacterial profile between term and preterm infants, vaginal and C-section
deliveries, and male and female showed no statistical significant difference (Urbaniak
etal. 2016). In contrast, Cabrera-Rubio et al. (2015), in their study, compared milk
microbiome of six vaginally delivered mothers and four cesarean delivered mothers and
found significant separation of milk microbiome based on mode of delivery (Cabrera-
Rubio et al. 2015).

The microbiota of breast milk from 90 Chinese lactating women was analyzed with
two different collection procedures (without aseptic cleansing and after aseptic
cleaning) by Olga Sakwinska et al. (2016). They found that Streptococci and
Staphylococci were the most abundant in both the group and results were consistent



with that of previous study. However, they revealed that breast milk collected without
aseptic cleansing and rejection of foremilk had higher abundance of Acinetobacter sp.

Moreover, bifidobacteria and Lactobacilli were present in few samples but with low
abundance (Sakwinska et al. 2016).

7.9 Overview of Mastitis

Mastitis is an inflammation of connective tissue within the mammary gland
(Gianneechini et al. 2002; Zhao and Lacasse 2008). The term comes from the Greek
word masto-referring to the mammary gland and its meaning inflammation. It is
characterized by physical, chemical, and bacteriological changes in the breast milk. It is
the most common condition experienced by lactating mothers. Incidence of occurrence
of mastitis varies extensively because of difference in breastfeeding method. As per the
data of WHO (World Health Organization), overall 2—33% of breastfeeding mothers are
thought to be infected with mastitis (WHO 2000). Studies conducted in the USA, New
Zealand, Finland, and Australia suggest that 20-25% of breastfeeding women have
chances of developing mastitis (Kinlay et al. 1998; Fetherston 1997; Foxman et al.
2002). Although mastitis 1s a very common condition, very few studies are conducted on
it till date (Foxman et al. 2002). Mastitis usually affects lactating women; hence, it is
known as lactational mastitis.

Mastitis is a deliberately painful condition experienced by breastfeeding mothers. It
1s mainly found to be prevalent during second and third week postpartum. Mastitis can
be caused by an infection or excess of milk remaining in the milk tissue (milk stasis).
Mastitis is usually the result of a blocked milk duct that hasn’t cleared. Milk banked up
behind the blocked duct can be forced into nearby breast tissue, causing the tissue to
become inflamed. Sometimes it may occur due to sudden stop of breastfeeding.
Infectious mastitis develops when bacteria commonly found on skin enter the mammary
gland through cracked nipples and multiply in the fatty tissue of mammary gland
resulting in infection.

7.9.1 Mastitis: A Dysbiosis of Breast Milk Bacteria

Breast milk has got vibrant bacterial diversity mainly that related with skin and non-
skin. These bacteria are transported from maternal community to breast milk via the
entero-mammary pathway. Pathogenesis of mastitis could have resulted from enrichment
of pathogenic bacteria in milk and mutual healthy milk microflora killed due to toxins
released by pathogenic bacteria.

7.9.1.1 Types of Mastitis

Scandinavian researchers suggested in the 1980s that mastitis should be classified into



two classes: clinical mastitis and subclinical mastitis.

Clinical mastitis: 1t is characterized by the presence of gross inflammatory signs
and symptoms.

Clinical mastitis can be divided into three types:

1. Preacute mastitis: Inflammation and changes in milk composition. Systemic signs
like fever, depression, shivering, loss of appetite, and loss of weight.

2. Acute mastitis: Similar to preacute mastitis, but with mild signs like fever and mild
depression.

3. Subacute mastitis: In this type of mastitis, signs of inflammation are minimal and
no visible systemic signs.

Subclinical mastitis: This form of mastitis is characterized by change in milk
composition with no signs of gross inflammation or milk abnormalities.

Mastitis is associated with increased somatic cells, free fatty acids, and interleukin-
8 concentrations (Hunt et al. 2013). However, fresh milk produced by a mastitis gland
has free fatty acids (FFAs) and when stored at 4 °C exhibits greater rates if lipolysis
occurs (Randolph and Erwin 1974; Murphy et al. 1989).

7.9.2 Mastitis and Somatic Cell Count

Somatic cells are white blood cells; their number increases during bacterial infection in
order to fight against pathogenic bacteria (Sharma et al. 2011). Thus somatic cells can
be a better indicator of infectious condition in mammary gland. Somatic cell count in
women with mastitis usually has an elevated count compared to healthy women (Hunt et
al. 2013; Hassiotou et al. 2013). Intramammary infection results in a significant increase
in the somatic cell count level in the breast milk. In response to invasion of mammary
gland by bacteria, leukocytes are released into the milk to kill the bacteria, which
results in increases in somatic cell numbers and ultimately leads to inflammation and
blocked milk ducts. Moreover somatic cells contain lipolytic and proteolytic enzymes,
which degrade fats and proteins, respectively. Upon challenge by bacterial infection, the
amount of destructive enzymes carried out by increased somatic cells results into
deterioration of milk fat and protein. Somatic cell count is often used for diagnosis of
mastitis in case of bovine animals.

7.9.3 Etiology of Mastitis

Etiological agents of mastitis can be infectious or noninfectious. Organisms which may
cause mastitis are bacteria, viruses, mycoplasma, yeasts, and algae. Gram-positive,



catalase-positive bacteria are mostly isolated from mastitis-infected milk. It can be
caused by microbes, such as Staphylococcus aureus, Streptococcus dysgalactiae,
Streptococcus uberis, Streptococcus agalactiae, Staphylococcus epidermidis,
Corynebacterium bovis, Corynebacterium pyogenes, Klebsiella sp., and Candida
albicans. Among all of these microorganisms, the most important are Staphylococcus
aureus and Staphylococcus epidermidis, which is a common cause of mastitis, and it is
commonly isolated from mastitis-infected milk. In Brazil, studies reported the
predominance of Staphylococcus aureus over other disease-causing agents in all
regions of the country (Rodrigues et al. 2015). Other than this, coagulase-negative
Staphylococci are considered as minor mastitis-causing pathogens. Nineteen distinct
species of coagulase-negative Staphylococci have been revealed to date. Members of
the Staphylococcus epidermidis subgroup include S. hominis, S. warneri, S. capitis,
and S. haemolyticus. Variety of pathogenic organism causing mastitis can be divided
into two groups: contagious mastitis pathogens and environmental mastitis pathogens.

Contagious mastitis pathogens: These are commonly found on the skin and enter
into the mammary gland through cracked or sore nipples. The major contagious
pathogens are Staphylococcus aureus and Streptococcus agalactiae.

Environmental mastitis pathogens: Environmental mastitis pathogens are also
known as opportunistic mastitis pathogens because they will take the opportunity to
cause mastitis and cause intramammary infections sporadically. The most common
environmental mastitis pathogens are Staphylococcus chromogenes, Staphylococcus
simulans, Staphylococcus xylosus, Staphylococcus epidermidis, Staphylococcus
hyicus, and Staphylococcus haemolyticus.

7.9.3.1 Staphylococcus aureus and Its Virulence Gene

Staphylococcus aureus 1s a gram-positive bacteria associated with many serious
diseases in humans as well as animals, and it is found to be the most predominant
bacteria causing human mastitis with relevant losses in the dairy industry (Bjork et al.
2014; Li et al. 2009). S. aureus is the most common species of Staphylococci to cause
Staphylococcus infections. It is frequently found in the human respiratory tract and on
the skin. Although S. aureus 1s not always pathogenic, it is a common cause of skin
infections (e.g., boils), respiratory disease (e.g., sinusitis), and food poisoning. Other
than this S. aureus can cause a range of illnesses, from minor skin infections, such as
pimples, impetigo, boils (furuncles), cellulitis folliculitis, carbuncles, scalded skin
syndrome, and abscesses, to life-threatening disease such as pneumonia, meningitis,
osteomyelitis, endocarditis, toxic shock syndrome, bacteremia, and sepsis. Virulence
factors, such as surface proteins that promote colonization of host tissues, surface
factors that inhibit phagocytic engulfment (protein A), biochemical properties that
enhance their survival in phagocytes (catalase production), immunological disguises



(protein A, coagulase clotting factor), and acquired resistance to microbial agents, are
often expressed by S. aureus. Clumping factor is the surface agent that acts as
adhesions. Coagulase is tightly bound to the surface of S. aureus and coats its surface
with fibrin upon contact with blood. This fibrin-coated S. aureus resists phagocytosis.
Protein A binds to IgG in wrong orientation in serum, thus preventing opsonization and
phagocytosis.

The role of bacteria in lactational mastitis is still questionable. Although it is most
common among lactating women, there is lack of scientific analysis on it. Culture-
dependent and culture-independent assessment of mastitis-infected breast milk can
provide in-depth analysis of microflora involved in diseased condition. Culture-
dependent studies involve classical microbiological techniques and it has several
drawbacks, while culture-independent studies involve assessment of microflora by
metagenomic approach with the recent next-generation sequencing technology.

7.9.4 Culture-Dependent Assessment of Mastitis

There are many conventional techniques used for isolation and identification of
pathogenic bacteria. Isolation of pathogenic bacteria on the sheep blood agar is widely
used in many laboratories because pathogenic bacteria grow via engulfing the red blood
cell and appear as greenish colony. Otherwise if pathogens are not present in breast
milk, they cannot grow on blood agar. Molecular typing (molecular markers) techniques
such as polymerase chain reaction (PCR) technology provided additional approaches
that have been reported and is considered as the most powerful technique for the control
and investigation of pathogens. But culture-based approach to isolate microorganism
from any environment does not provide comprehensive information on composition of
bacterial communities. This technique also failed to determine microorganism which
cannot grow in laboratory condition. Most of the studies performed till date on mastitis
involve classical microbiological techniques to identify etiology of mastitis.

Kvist et al. (2008) compare bacterial composition in milk samples collected from
192 women with a clinical mastitis and 466 healthy donors. They found that S. aureus
was present in 45% of women with mastitis and 31% of healthy donors. In both the
group, mean colony counts were identical and no correlation was observed between
colony counts and symptom severity. Finding hints that the presence of S. aureus in
breast milk does not always result in clinical mastitis and it is always present in healthy
human milk.

Delgado et al. (2008) recognized the role of coagulase-negative Staphylococcus
spp. in human mastitis. Employing pulsed-field gel electrophoresis, they found that S.
epidermidis was present in 85% (17/20) of samples collected, while S. aureus in 40%
(8/20) of samples. After that they compared strains of S. epidermidis present in women
with mastitis and women with healthy human milk. They found that women with clinical



signs of infection were more likely to harbor strains of S. epidermidis with the icaD (33
vs. 11%, p 2 0.03), which was correlated with biofilm production. Thus, virulence
factors of S. epidermidis strains found in breast milk may play a vital role in
pathogenesis.

Using 16S-specific PCR primers, Shriram et al. (2015) identified bacteria
belonging to Staphylococcus and Pseudomonas genera from human milk of 32 mastitis
women. Moreover, the authors found 17 genera and 30 different species from mastitis
milk suggesting diverse community in diseased condition (Patel et al. 2016).

7.9.5 Culture-Independent Assessment of Mastitis

Traditionally microbial genome sequencing has been restricted to only a small number
of organisms which can be grown in pure culture in laboratory. Progressive
development of culture-independent methods has allowed researchers to sequence
microbial communities directly from environmental samples. Culture-independent
techniques deal with the isolation of total DNA from the environmental sample. Culture-
independent approach is commonly referred to as “metagenomic” or “community
genomics.” Metagenomics is applied literally to describe any culture-independent
analysis of microbial communities. With the recent development in more advances
sequencing techniques, which try to capture all the DNA information from the biological
sample have been widely used for the characterization of microbial community present
within a sample and identification of unknown etiological agents involved in diseased
condition. Moreover, this type of technology provides identification of thousands of
sequences per sample, which increases the possibility to observe less frequent
phylotypes that may have significant importance in disease condition. Metagenomics can
also be applied to solve practical challenges in the field of medicine, agriculture,
sustainability, and ecology. Numerous microbiome studies have been carried out to
assess the composition of the bacterial communities inhabiting a variety of human body
locations, including the gut (Zhao and Lacasse 2008), oral cavity (Nasidze et al. 2009;
Belda-Ferre et al. 2012), vagina (Ravel et al. 2011), skin (Costello et al. 2009), and
human milk (Jost et al. 2013; Belda-Ferre et al. 2012; Ward et al. 2013). All of these
studies were focused on the bacterial component of the microbiome.

So far only one study has been reported discussing metagenome of breast milk from
mastitis-infected women. Jimenez et al. (2015) performed shotgun sequencing of ten
healthy and ten mastitis-infected breast milk samples. They found that Staphylococcus
aureus clearly dominated the microbiome in the samples from the women with acute
mastitis, whereas high abundance of Staphylococcus epidermidis-related reads was
observed in the milk of those suffering from subacute mastitis (Jimenez et al. 2015).

7.9.6 Prevention and Control



Antibiotics are regularly used to treat mastitis. But nowadays development of multiple
resistances by different bacteria has led to failure of treatment. It is due to
indiscriminate use of antimicrobials without checking its in vitro sensitivity to the
causing bacteria (Oliver and Murinda 2012). In addition to antibiotic resistance,
formation of biofilm is also an important virulence factor implicated by mastitis-causing
pathogens, which allow survival of bacteria at high antimicrobial concentration (Hoiby
et al. 2010). Alternative treatment for the antibiotics can be probiotic therapy and herbal
therapy.

7.9.7 Probiotic Therapy

Development of new strategies based on probiotics is an alternative or complement to
antibiotic therapy for the management of mastitis and is particularly appealing. Use of
lactic acid bacteria as oral administration of lactobacilli isolated from breast milk for
the treatment of mastitis has been used by researchers (Jimenez et al. 2008). Human
milk consists of bacterial species like Lactobacillus gasseri, Lactobacillus reuteri,
Lactobacillus salivarius, Lactobacillus fermentum, or Bifidobacterium breve with
probiotic properties. These bacteria have shown promising results as probiotic agents
that might be useful in treating mastitis.

7.9.8 Herbal Therapy

There has been not a single study published till date indicating use of herbal therapy on
human mastitis. But in veterinary field, there are some studies focused on the use of
natural herbal plant as a remedy for mastitis. It has been reported that garlic tincture or
aloe gel can be used as a fast remedy from mastitis (Pol and Ruegg 2007). In literature
antimicrobial properties of garlic extracts and Aloe vera gels have already been
reported (Ross et al. 2001; Agarry et al. 2005). But the use of these compounds to
successfully treat mastitis has not been described. In one clinical trial, they have
specifically evaluated the clinical efficacy of a botanical treatment to treat subclinical
mastitis (Abaineh and Sintayehu 2001). Two different doses of a dried leaf powder of
an African perennial herb (Persicaria senegalense) were fed for 3—5 days to cows
infected with subclinical mastitis. Results of this trial indicated positive effect of herbal
medicines in eradication of mastitis but conceded that more research is necessary.

7.10 Conclusion and Future Aspects

In conclusion, there are now convincing proofs that human milk consists of diverse and
feasible microbial population, which initially colonize the infant gut. Somehow,
variations in microbial profiling in different studies were due to behavioral,
environmental, and genetic differences or a consequence of methodological variation.



As such, the era has moved away from the past belief that breast milk is sterile and
acknowledged the rich microbial community present in human milk.

However, dysbiosis of breast milk microbial community results in a development of
mastitis. Monitoring changes in mastitis-causing microflora with metagenomic platforms
might be helpful in building a strategy to overcome this problem.
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Abstract

Gut microbial populations plays a significant role in human health and maintains
bidirectional signalling between the brain and gut. The bacterial population endures a
dynamic developmental progression all over the existence and begins its associated
relationship with the host early in life. Latest investigational evidences propose that the
microbial population in gut has a significant influence on the brain—gut axis, and it plays
a major role in epithelial cell function, gastrointestinal motility, visceral sensitivity,
perception and behaviour. Results from physiological experiments propose the
communication of gut bacteria not lone with the enteric nervous system but also with the
central nervous system via neural, neuroendocrine, neuroimmune and humoral links.
This chapter describes how the microbiota-derived products and variations of
microbiome modulates the conditions of neuroimmune and neuropsychiatric disorders
and the role of gut microbiome as a neuromodulator.

Keywords Gut microbiome — Central nervous system — GABA — Gut-brain axis —
Neuroimmune disorders

8.1 Introduction
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The hypothesis of the human microbiome was initially introduced to mainstream
researchers by Joshua Lederberg, who characterized it as ‘the natural group of
commensal, symbiotic, and pathogenic microorganisms that truly occupy human body
space and have been everything except disregarded as determinants of wellbeing and
illness’ (Lederberg and McCray 2001). Human body outsides are resident to microbial
groups whose aggregate participation exceeds our human substantial and germ cells by
no less than a request of extent (Gill et al. 2006). The microbial ‘factory’ adds to a
comprehensive assortment of biological tasks that the human body couldn’t generally
perform. Late reports recommend that the human microbiota influence nutrient obtaining,
energy acquisition and a group of host metabolic activities. The human gut region has
the significant quantities of microscopic organisms and the outrageous quantities of
species distinguished with different regions of the body, and it appears to play an
essential part in human digestion and illness (Turnbaugh et al. 2009). Previous
investigations gathered an extensive collection of proofs concerning modifications in the
gut microbial alignment to numerous diseases including inflammatory bowel disease,
asthma, arthritis, obesity and cardio vascular disease. In addition, the regular abdominal
microbiota also influences several functional characteristics of the normal body such as
morphogenesis of organs, development of immunity and maturation of gastrointestinal
tract (Neish 2009; Sommer and Biackhed 2013). Gastric microbial communities can
effectively influences the gene expression in the gut mucosal area, eventually influencing
the capability of the gastrointestinal tract. A report with germ-free and normal mice
discovered that the gut microbial population can alter or influence the expression of
numerous genes in the gastro intestinal tract of human and mouse. The genes which are
involved in the development of immunity, absorption of nutrients, energy harvesting and
intestinal barrier development have been greatly influenced by the action of colonic
microbiome (Boulange et al. 2016).

Recently an integrative exploration has found strong confirmation for the presence of
signalling between intestine and the brain from both the directions, which is extensively
called as ‘brain—gut axis’ (Burokas et al. 2015). This bidirectional signalling system
coordinates immunological, hormonal and neural signalling between the gut and the
brain and is vital to retain homeostasis (Grenham et al. 2011). This gut-brain hypothesis
was extended to the ‘microbiota—gut—brain axis’, which comprises 100 trillion
microbial populaces and effects the functioning of central nervous system (CNS) with
the effect of mood and behaviour .The brain communicates or transmits the signals with
the intestinal microbiota by secreting the signalling molecules into the lumen of gut and
ultimately modifying gastric motility (Rhee et al. 2009). Receptor-mediated signalling
and intestinal epithelial cells are the noticeable mediators which connect the intestinal
microbiome with the host (O’Mahony et al. 2011). Nowadays, the microbial
endocrinology-based studies claimed that microorganisms can act as medication
conveyance vehicles because of their capacity to create neuroactive metabolites. In this



chapter, we discuss the role of gut microbiome, in relation to central nervous system
(CNS) and the effect of neuroactives synthesized by gut microbes.

8.2 Diversity of Gut Flora

After 1 or 2 years of birth, the gut microbial flora became matured, and at the same time
the intestinal epithelial cells and the mucosal barrier begin discharging which becomes
tolerant towards adverse conditions and fight against the pathogen invasion (Cho and
Blaser 2012; Gill et al. 2006). Based on the gut microbial studies, abundant population
of microbial communities were recorded in gut than any other region of the body. The
healthy human gut possesses bacteria, archaea and eukarya which are the three major
domains of life, and it has the most astounding cell population than of any other
biological community (Whitman et al. 1998). Among them 55 phyla belong to bacteria
and 13 of archaea have been assigned existing on earth till date. But just nine of the
bacterial phyla have been characterized in the digestive system, out of which five are
uncommon (Ley et al. 2006). Bacterial taxa such as Bacteroidetes, Firmicutes,
Proteobacteria, Actinobacteria, Fusobacteria, Verrucomicrobia and Cyanobacteria are
the major part of gut, among them Bacteroidetes and Firmicutes are the dominant, which
comprises 85% of the sequences in the intestinal tract (Biackhed et al. 2005; Durban et
al. 2011). Actinobacteria and Proteobacteria are the two most ample bacterial phyla in
the intestinal microbiota in addition to Bacteroidetes and Firmicutes (Arumugam et al.
2011). Based on the phylotype census, results more than 395 bacterial phylotypes were
described in the gut, among them, 244 (62%) phylotypes were novel and 80% groupings
from species that have not been well studied and cultured. The members of the phyla
Firmicutes and Bacteroidetes occupy the majority. The Firmicutes phylum consisted of
301 phylotypes, 191 of which were novel; most (95%) of the Firmicutes sequences
were members of the Clostridia class (Barcenilla et al. 2000; Pryde et al. 2002). Major
intestinal species are Bacteroides spp., Bifidobacterium spp., and Clostridia (Delgado
et al. 2004; Moore and Holdeman, 1974). Bacteroides spp. alone makes up
approximately 30% of all intestinal bacteria (Salyers 1984). Bifidobacterium spp.
account for 1-5%, and Lactobacillus spp. comprise less than 1-2% of bacteria (Franks
etal. 1998; Sghir et al. 2000). Other bacteria, such as Enterobacteria, exist in slight
numbers (Delgado et al. 2004). The total of Enterobacteriaceae species is about 0.1%
of entire intestinal bacteria (Eckburg et al. 2005).

8.3 Gut Microbiota and Brain

Gut microbiota, the inhabitant bacterial communities resides in the healthy
gastrointestinal tract (GIT), is representing that microbial actions taking place in the gut
have a great impact on the growth and role of the CNS. Remarkable studies evidenced



the overall framework connection between the enteric nervous system (ENS), the
neuroendocrine and neuroimmune systems and the sympathetic vs. parasympathetic arms
of the autonomic nervous system (ANS) and finally the gut microbiota (Borre et al.
2014a, b). This complete structure popularly depicted as gut-brain axis and brain—gut—
enteric microbiota axis. With the effect of bidirectional signalling network, indications
from the brain can influence the motor, sensory and secretory modalities of the
gastrointestinal tract, and similarly, instinctual communications from the intestinal
microbiome can stimulus brain function (Thakur et al. 2014; Furness et al. 1999).
Investigations with gnotobiotic mice exhibited a minor constraint stress induced a
blown-up discharge of corticosterone and adrenocorticotrophic hormone (ACTH)
compared to the control animals (Sudo et al. 2004). Treatment of gnotobiotic mice with
the faecal matter of normal healthy mice induces the stress response in the germ-free
animal in a time-dependent manner. These microbiota-dependent stress alterations
clearly support that the gastrointestinal microbial load is an essential factor for the
stress response and development of the hypothalamic—pituitary—adrenal axis is greatly
influenced by the gut microbial colonization. (Neufeld and Foster 2009).

8.4 Neuroactive Compounds Produced by Gut Microbiome

Various neuroactive molecules, for instance, gamma-aminobutyric acid (GABA),
serotonin, catecholamine and acetylcholine, have been stated to be microbial origin,
which have been obtained from the gastrointestinal microbiota of human (Barrett et al.
2012; Ozogul 2011; Roshchina 2010). Dopamine has been produced by Bacillus spp.,
Escherichia spp. and Enterococcus spp. Norepinephrine or noradrenaline, a
catecholamine family neurotransmitter, is secreted by Escherichia spp. and Bacillus
spp. GABA production has been reported in certain probiotics such as Lactobacillus
spp. and Bifidobacterium spp. The presence of serotonin a monoamine neurotransmitter
has been reported in Streptococcus spp.; acetyl choline which plays a significant role in
neuromuscular junction has been reported from certain Lactobacillus spp. Short-chain
fatty acids (SCFAs) and long-chain fatty acids such as conjugated linoleic acid (CLA)
are also proven to have an effective role as a neuroprotective agent (Thomas et al.
2012; Kawashima et al. 2007; Tsavkelova et al. 1999). These neurochemicals which are
secreted from gastrointestinal bacteria greatly influence the brain functioning; further the
probiotics which releases these neurochemicals has been recommended as an
innovative treatment for neuropsychiatric conditions. (Galland 2014). Intestinal bacteria
possess and transfer the genomic characteristics among the bacterial communities,
which are in control for the secretion of neuroprotective chemicals by horizontal gene
transfer. They encode certain enzymes involved in the synthesis of vital neuroactive
molecules such as catecholamine, acetylcholine and GABA. For example, Escherichia
coli O157:H7 possesses receptor for host-derived epinephrine/norepinephrine which



activates the transcription of virulence genes in bacteria (Clarke et al. 2006) (Fig. 8.1).
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Fig. 8.1 Gut microbial metabolic by-products and their effect on behavioural function of brain

8.4.1 Influence of Gamma-Aminobutyric Acid in Central

Nervous System Activity
Gamma-aminobutyric acid, a nonprotein amino acid, owns distinguished biological
functions such as neurotransmission, stimulus of hypotension and diuretic and
anaesthetic effects. Synthesis of GABA was influenced by the enzyme glutamate
decarboxylase (GAD) (EC 4.1.1.15), which depends on pyridoxal 5-phosphate that
catalyzes the irreparable a-decarboxylation of L-glutamate to GABA (Wang et al. 2011).
A number of reports (Komatsuzaki et al. 2005; Park and Oh 2004; Park and Oh 2007)
have shown the existence of the enzyme GAD from the healthy individuals intestinal
microbial residents such as lactobacilli and also from Bifidobacteria.

Both indigenous bacteria and neuronal tissue are adapting the similar biosynthetic
pathway for biological synthesis of GABA in which GAD acts on the transformation of



glutamate with the help of the cofactor pyridoxal phosphate (De Biase et al. 1999). In
intestinal bacteria, the GABA synthesis encompasses the uptake of glutamate with the
proton exchange, and it leads to the protection of the bacteria from the acidic nature of
the digestive tract. In the brain, GABA binds with the plasma membrane-transmembrane
receptors and acts as inhibitory synapses. Moreover, both presynaptic and postsynaptic
neuronal progressions were influenced by the effect of GABA.

8.4.2 Influence of Acetylcholine in Motor and Memory

Functions

Acetylcholine is the first neurotransmitter discovered in the central and peripheral
nervous systems which is critical in conduction of pain, the regulation of
neuroendocrine function, REM sleep cycles and the process of learning and memory
formation (Lopez-Muiioz and Alamo 2009). Acetylcholine is produced by a single
stride response catalyzed by the enzyme choline acetyltransferase. But in the case of
bacterial acetylcholine synthesis, carnitine acetyltransferase plays a major role
(Horiuchi et al. 2003). Acetylcholine is present within the central nervous system and
used by cholinergic cells (neurons that use ACh as a neurotransmitter) which are found
in several different locations of the brain, including the striatal complex, the basal
forebrain, the diencephalon, pontomesencephalic cell groups, and the medulla (Rylett et
al. 1993; Tucek 1982).

Experimental evidences suggest the existence and expression of acetylcholine in
prokaryotic and eukaryotic non-neuronal cells in addition to neuronal matter (Wessler et
al. 2003). The occurrence has been identified in bacteria, algae and protozoa suggesting
the early presence of acetylcholine in the evolutionary process. Acetylcholine and cell-
free enzymes responsible for acetylcholine biosynthesis have been reported in a strain
of L. plantarum which is an important probiont (Girvin and Stevenson 1954; Rowatt
1948). Bacterial spp. such as E. coli, Staphylococcus aureus and Bacillus subtilis also
possesses trace amount of acetyl choline.

8.4.3 Histamine as a Modulatory Neurotransmitter

The name histamine for imidazole ethylamine designates an amine occurring in tissues
mainly in the grey matter and was first shown by Kwiatkowski in 1943 and later White
in 1959 which demonstrated its formation and catabolism in the brain (Kahlson 1962).
Histamine involved in local immune responses and biological function regulation in the
gut also acts as a neurotransmitter. Histamine plays a significant role in the maintenance
of wakefulness during the dysfunction of histaminergic system and acts as a modulatory
neurotransmitter in the mammalian brain (Panula and Nuutinen 2013). Certain
fermentative bacterial strains such as Lactobacillus, Lactococcus, Streptococcus,



Pediococcus and Enterococcus have been testified to possess the histidine
decarboxylase gene and to synthesis histamine at altered levels. Nervous
communication in the enteric nervous has been influenced by the luminal expression of
histamine by L. reuteri (Thomas et al. 2012).

8.4.4 Role of 3-Indolepropionic Acid (IPA) as a

Neuroprotective Antioxidant

3-Indolepropionic acid (IPA) is a potent antioxidant and acts as an inhibitor of beta-
amyloid fibril formation and to be an effective neuro-protectant against a variety of
oxidotoxins (Bendheim et al. 2002). The occurrence of IPA was observed in plasma and
cerebrospinal fluid (CSF) of human, and it has been synthesized by the deamination of
tryptophan by intestinal bacteria (Young et al. 1980). IPA entirely safeguards primary rat
hippocampal neurons and human neuroblastoma cells against oxidative damage and
death. Moreover, IPA was shown to protect the death of neuroblastoma cells exposed to
H,0, or diethyl-dithiocarbamate (DDTC), an inhibitor of superoxide dismutase (Chyan

et al. 1999). Studies with germ-free mice colonized with the bacterium Clostridium
sporogenes demonstrated the production of IPA (Jellet et al. 1980).

8.5 Approaches Used to Examine Gut—Brain Axis

Involvement of the gut microbiota in the human health via the gut-brain axis has been
recently highlighted by an increasing number of studies using germ-free (GF) animals,
bacterial infections, probiotic and prebiotic administration and antibiotic administration
(Grenhamet al. 2011).

8.5.1 Germ-Free Animals as a Tool to Study Gut—Brain
Relationship

Germ-free animals, free from any microbiota throughout its organismal build-up, is a
well-established and valuable tool to determine the involvement of microbiota towards
regulating the development and expression of physiological and behavioural parameters
in the host (Bercik et al. 2011a, b; Clarke et al. 2013; Hsiao et al. 2013). They were
maintained in the gnotobiotic units to eliminate the chance for the postnatal colonization
in their GI tract. Thus, becoming a ‘microbiota-free’ control group against the
conventionally colonized gut of their counterparts. The GF animals have higher
susceptibility towards infection (O'Hara and Shanahan 2006) but have decreased
digestive enzyme activities and intestinal muscle wall thickness (Round and Mazmanian
2009). By colonizing GF animals at a particular age, the continuous effects of the
functional microbiota can be distinguished from the developmental effects. So, GF



animals are considered as a powerful tool to examine the relationship between the gut
microbiota and brain function.

Adult GF mice exhibit altered brain physiology, which exhilarated the levels of
corticotropin-releasing hormone gene expression in the hypothalamus and also elevated
the secretion of ACTH and corticosterone after acute restraint stress (Sudo et al. 2004).
The absence of gut microbiota in a stress-induced rat strain aggravates the
neuroendocrine and behavioural response to an acute stress and deeply alters the
turnover rate of dopamine and its metabolites in brain upper structures involved in the
regulation of stress and anxiety (Crumeyrolle-Arias et al. 2014). Behavioural studies
suggested that GF mice show weakened anxiety-like behaviour, but increase in the
motor activity, when compared to the conventional mice (Heijtz et al. 2011). These
behavioural changes were reversed by colonization with probiotics like B. infantis but
not with the enteropathogenic E. coli (Sudo et al. 2004). The behavioural parameter
alterations of the gut microbiota in specific pathogen-free mice were correlated by
antibiotic treatment which results in increased motor activities when compared to the
conventional mice (Bercik et al. 2011a, b) (Fig. 8.2).
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Fig. 8.2 Role of GF animals as a powerful tool to examine brain alterations

At the molecular level, GF mice possess decreased levels of N-methyl-p-aspartate
receptors (NMDARs), specially the NR1 and NR2A subunits, in the hippocampus (Sudo
et al. 2004), or NR2B subunits in the amygdala (Neufeld et al. 2011), which shown to
play a key role in neuropsychiatric disorders (Lakhan et al. 2013). GF animals have
reduced levels of brain-derived neurotrophic factor (BDNF), a key neurotrophin
involved in neuronal growth and survival (Sudo et al. 2004). Moreover, genetic



background appears to play an extensive role in inflecting the microbiome-brain-gut
axis. In summary, the studies involving GF animals demonstrate utility in evaluating the
underlying mechanisms of microbiota—gut—brain axis communication apposite to brain
function.

8.5.2 Role of Bacterial Infections in Gut—Brain Relationship

Considering the impact of infections by enteric pathogens on brain and behaviour has
been a decisive strategy to investigate the function of the microbiota—gut-brain axis.
Experiments were needed to explore how the chronic inflammation of the gut influences
behavioural changes. For example, Trichuris muris infection, a very closely associated
species to Trichuris trichiura, decreased hippocampal levels of Bdnf mRNA, inflated
the concentration of kynurenine—tryptophan ratio in plasma (an indication of alterations
in tryptophan metabolism) and also increased the anxiety-like behaviour in mice.
Vagotomy in the infected mice did not avert the anxiety-like behaviour, which indicates
that the behavioural effects caused by 7 muris infection are not mediated by vagus
nerve. Treatment with the probiotic B. longum regulated the behaviour of the infected
mice and improved the Bdnf mRNA level in the hippocampal region, but kynurenine—
tryptophan ratio was not restored. It establishes that the mechanism of action of
probiotic treatment inversed the behavioural changes, demonstrating that the gut
microbiota influences the brain signal via multiple routes (Bercik et al. 2010).

Number of studies has been carried out using Citrobacter rodentium to explore gut—
brain axis function. Infection to the animal caused an increase in anxiety-like behaviour
(Lyte et al. 2006) and cognitive dysfunction. This effect was averted by pretreatment
with a combination of probiotics begin 7 days before the infection (Gareau et al. 2010).
This pretreatment regimen decreased the serum corticosterone levels and averted the
alterations in hippocampal BDNF mRNA and central FOS gene expression (an indicator
for neuronal activity) induced by the bacterial infection. An infection with
Campylobacter jejuni was resulted in increased anxiety-like behaviour, while treatment
with a probiotic Bifidobacterium strain reduced the anxiety and depressive behaviour
(Bercik et al. 2012).

Infection with C. rodentium validated that the vagus nerve is one of the most aided
route for gut-brain signalling (Lyte et al. 2006). The animals showed increased anxiety-
like behaviour, and the level of anxiety was assessed by evaluating the number of cells
expressing FOS proteins in the bed nucleus of stria terminalis and was correlated with
vagotomy (Goehler et al. 2008). Vagotomy studies in the Sa/monella enterica infected
rats confirmed the involvement of vagus nerve in the transmission of signals from the
GIT to the brain (Wang et al. 2002). Even though the studies involving pathogens
precisely do not address the ability of gut microbiome to signal the CNS, they bid key
observations towards elucidating the pathways through which microbiota can signal the



CNS and affect the behaviour of the infected animals. Concisely, it propose that the
infection and stress can combine and act together to alter cognitive function of the CNS
and behaviour of the animals (Kennedy et al. 2012).

8.5.3 Probiotic and Prebiotic Administration

Probiotics are living microorganisms, when consume in sufficient quantities, and induce
a health aid to the host. Studies involving probiotics demonstrate that they have wide
range of influence towards both human and animal health (Clarke et al. 2012).
Furthermore, there are clinical affirmations to evident the effect of probiotic
administration towards reducing the anxiety-like behaviour and stress responses in
irritable bowel syndrome (IBS) patients with chronic fatigue (Rao et al. 2009).
Recently, probiotic cocktail treatment of L. helveticus and B. longum decreased
anxiety-like behaviour in animals and exerted beneficial cognitive effects and also
reduced serum cortisol levels in humans (Messaoudi et al. 2011). It also conversed the
depression-related behavioural effects observed in rats after myocardial infarction
(Arseneault-Bréard et al. 2012).

The probiotic B. longum NCC3001 aversed anxiety-like behaviour and alterations
in hippocampal Bdnf mRNA levels in mice with colitis, without reducing the gut
inflammation (Bercik et al. 2011a, b). Ingestion of L. rhamnosus NCC4007 reduced
anxiety and anguish-like behaviour and decreased the concentration of plasma
corticosterone levels in stress-induced mice and modified the expression of both
GABAA and GABAB receptors in the brain (Bravo et al. 2011). These alterations were
reported to be associated with depression and anxiety-like behaviours in animal
models. As vagotomy influenced the antidepressant effects, anxiety-like behaviour and
GABA receptor expression in CNS induced by L. rhamnosus NCC4007 administration
suggest that the alterations are via vagus nerve signalling. It demonstrates that
parasympathetic neuro signals are necessary for L. rhamnosus to aid in the interaction
with the brain (Bercik et al. 2010; Wang and Kasper 2014).

The reversal of anxiety like behaviour by B. longum was not observed in
vagotomized mice and proposes that a neural mechanism underlies this effect. Neuronal
route of action was confirmed by treating the myenteric neurons with B. longum-
leavened medium to evaluate the effect of bacterial products in altering the excitatory
properties of enteric nerves. The fermented medium decreased the variation in action
potentials in response to the artificial stimulation and indicates that probiotic-leavened
products directly modulate the neural signals (Bercik et al. 2011a, b). It was also
confirmed by administration of other probiotic fermented medium such as L. rhamnosus
and L. johnsonii. An intra-duodenal administration of L. johnsonii aids the gastric vagal
nerve activity via histaminergic pathways (Tanida et al. 2005).

It shows that probiotic strains and prebiotics can regulate diverse aspects of brain



function and behaviour and some functions are vagus nerve dependent. While
generalizing the influence of one bacterial strain to another, with or without prebiotics,
serious attention should be exercised, and efforts need to be destined at identifying the
mechanism (Paulus and Stein 2006).

8.5.4 Antibiotic Administration

The use of antibiotics is one of the most frequently used methods to cause intestinal
dysbiosis in experimental animals. The distress of the microbiota by oral administration
of the antibiotics like neomycin, bacitracin and natamycin to the adult mice inflated the
visceral hypersensitivity induced by colorectal distension. This effect was altered by
treating with L. paracasei (Verdu et al. 2006). Antimicrobial regimen increases
exploratory behaviour and varied the BDNF expression in hippocampal and amygdala
regions in the brain (Bercik et al. 2011a, b). These medications failed to influence the
behaviour in GF mice demonstrate that the effects were not due to any off-target or
intrinsic effects of these medications. Both vagotomy and sympathectomy did not
influence the role of antibiotics towards modulating the behaviour. It confirms that there
are other underlying mechanisms involved in gut-—brain axis communication in the
dysbiosis-induced animal models (Bercik et al. 2012).

Reducing the level of microbiota by chronic antibiotic administration during
adolescence altered the anxiety-related and social behaviours collectively by inducing
the disruption in kynurenine—tryptophan ratio and other behaviour-related factors of the
endocrine system (Desbonnet et al. 2015). This focuses the usage of antibiotics towards
examining the influence of microbiota in gut-brain axis functions. Furthermore, it also
demonstrates that evaluating the impact of widespread use of antibiotics in human CNS
should be justified. Further studies with antibiotics could examine the role of gut
microbiome on brain function and physiology.

8.6 Therapeutic Opportunities Involving Gut—Brain Axis

Targeted therapeutics to shape up the microbiota is still in the primary stage when
compared to other pharmaceutical products. Prebiotics and probiotics are the most
commonly used ailments for gastrointestinal disorders (Preidis et al. 2012; Preidis and
Versalovic 2009). Probiotics are generally a cocktail of bacterial strains which blend
with the broader microbiota in the GIT with minimal global effect (Shanahan et al.
2012; Quigley 2011) except the microbiota is interimly weakened by antibiotics
(Hickson et al. 2007). Prebiotics are nutrients intended towards stimulating the growth
of a specific microbial species, exhibited a greater potential for manipulating the
environmental pressures which shape up the microbiome of an individual, specifically
in the developmental stages of life (Arslanoglu et al. 2007).



It is widely established that an entire biodiversity is important for a healthy
microbiota and single species administration might have slight effect on the long-term
host-microbiota interaction (Sekirov et al. 2010). Lactic acid bacteria species that
thrive on specific cofactors are the closest probiotic field that has come to targeted
microbial therapies (Bailey et al. 2011). Most lactic acid species do not require iron,
and they can be out-competed by normal pathogens in high-iron environments such as
that accompanied by trauma and internal bleeding prior to surgery. Streptococcus
thermophilus strains have a positive response to increased iron concentrations; the
negative effects of pathogenic bacteria could be potentially counteracted. Other intense
therapeutic strategies are intentional infections by parasitic helminths (Weinstock Elliott
2009) and faecal transplants (Landy et al. 2011).

Antimicrobials are the most commonly used treatment against infectious diseases
and inflammation. But, current research in the field of microbial contribution towards
health and advancements in understanding the complex diseases resulted in evaluation
of some antibiotic (Dethlefsen et al. 2008; Blaser 2011) and immunosuppressant
ailments (Proal et al. 2011). Antibiotics were considered to be a poor choice for gut
microbiota alterations because of the tolerance issues combined with long-term usage
and the absence of bacterial species specificity. But, antimicrobials can positively alter
chronic disease conditions like diabetes and obesity in rodents (Kootte et al. 2012). A
potential gut microbiome modulator should have specificity to the bacterial species and
rich bioavailability in the gastrointestinal tract. Interestingly, these are the type of
molecules considered as failed candidates in antibiotic drug development (Payne et al.
2007). The fact that more than 80% of the microbial species in the gut cannot be grown
in laboratory conditions reduces the usage of high-throughput compound screening
attempts to explore the microbiota-modulating compounds (Eckburg et al. 2005). But, in
vitro human gut model development (Feria-Gervasio et al. 2011; Kimet al. 2012) and
the usage of bacteria phylum-specific antibiotics, for example, against Gram-positive
Firmicutes, will pave way to the development of precise microbiota modulators. The
unique proteins encoded by gut microbiota can act as a source for potential high-
specificity drug targets (Ellrott et al. 2010).

Another potential therapeutic strategy is focussing on host genes involved in the
cross talk with microbiome. Current research is focussing on human receptors engaged
1n maintaining the gut microbiome (Zaneveld et al. 2008). Toll-like receptors (TLRs)
are involved in cellular responses towards bacterial infections, initiation of
inflammation, production of antimicrobial peptides, maturation of antigen-presenting
cells and activation of cellular repair and survival pathways (Saleh and Trinchieri
2011). Specifically, the receptors TLR2 and TLR4 are the primary sensors of
pathogenic bacteria and also involved in maintaining bacterial gut flora equilibrium.
Microbiota synthesize a wide range of bio-activated signalling low molecular weight
molecules and metabolites, which are similar to neurotransmitters (Shenderov 2011;



Rajpal and Brown 2013). GABA and serotonin are neurotransmitters that can influence
host behaviour and are produced directly or indirectly by certain commensal microbes
(Barrett et al. 2012; Reigstad et al. 2015). SCFAs are considered to be neuroactive
microbial metabolites which can navigate through the blood—brain barrier and alter the
CNS functions, brain development and behaviour. Propionate and butyrate were found
to modulate behavioural changes in rodents, while it induces changes similar to autism
(MacFabe 2012; MacFabe et al. 2007). Oral capsaicin decreases adiposity via global
nutrigenomic changes in different tissues (Baboota et al. 2014). Further, the gut
communicates to the brain via hormonal signalling pathways through the release of
peptides from enteroendocrine cells in gut, which can directly influence the brain. Gut
peptides such as orexin, galanin, ghrelin, gastrin and leptin modulate feeding behaviour,
energy homeostasis, circadian rhythm, sexual behaviour, arousal and anxiety (Borre et
al. 2014a, b).

Conclusion Even though we are at the primary phases of analyzing multifaceted
signalling coordination among colonic microbiome and brain, we understand that
several bacterial communities which reside in the gastrointestinal tract own the
capability to secrete neuroactive chemicals with various modulatory effects which
directly influences the brain function. The evidences suggest that the adaptations in
bacterial colonization in gut can alter the conditions in brain or central nervous
system. Deciphering the mechanisms that elicit these corollaries will advance our
understanding about the aetiology of neurodevelopmental psychiatric illnesses, assist
analysis of biomarkers of dysfunction and allow the identification of new openings of
chance for the growth of innovative therapeutic interferences onset later in life. At
the end the perception of unique microbiome—neuromodulation, focused therapeutic
approaches open new avenues for the treatment of neurodevelopmental deficits and
brain disorders.
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Abstract

Microbes inhabit almost every corner of earth with highest known to be in soil. The
diversity and activity of microbes have been found to be high in plants (as endophytes)
and the surrounding ecosystem (rhizosphere). Within plant, the roots seem to harbour
more diverse microbes than any other part. Among other parameters, plant species and
its age drive the define distinctness of microbial communities within plant and in soil. In
addition, soil type and its management also influence the microbial diversity. These
microbes produce various compounds that influence plant growth, productivity,
susceptibility and resistance to biotic and abiotic stresses. Hence, structural and
functional analysis of microbial communities associated with plant is very much
essential to understand the various processes that define their functions. Culture-based
analysis of all existing microbes is difficult largely due to limited knowledge of their
culture requirements in laboratory. Molecular finger printing and high throughput
sequencing of DNA isolated directly from the niches have proved to be an effective
alternative to culture-based analysis. In recent past, much of the metagenomics work has
been dedicated to study soil microbes, but limited information is available regarding the
endophytic microbes. The information obtained by culture-independent analysis of soil
microbes can help understand interaction between plant, soil and resident microbes.
This 1s expected to pave the way for effective modulation of soil biological processes
by rhizosphere engineering. Endophytic bacteria have been shown to have several
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beneficial effects on their host plant. Hence, further improvement in crop protection,
production and soil health can be achieved by modulating plant’s own processes through
amending rhizospheric and endophytic microbes.

Keywords Rhizosphere — Endosphere — Metagenomics — Sequencing — Plant
production — Plant protection

9.1 Introduction

The soil surrounding plant is the most biodiverse environment on the earth followed by
internal spaces of a plant. A gram of soil contains as many as 10'°-10!! bacterial cells
(Horner-Devine et al. 2003) belonging to 103-10% species (Curtis et al. 2002), whereas

up to 10” bacterial cells are estimated in a gram of plant tissue (Chi et al. 2005).
Microbes may exist as free-living organisms in soil or attached to the surface of root or
phyllosphere and may establish symbiotic relations with plant (Smith and Goodman
1999). The association of these microbes plays an important role in number of vital
ecosystem processes such as nutrient cycling, decomposition of organic waste,
detoxification of toxic chemicals and heavy metals and carbon sequestering. The
interaction between soil, microbe and plant is highly complex and dynamic. Soil acts as
medium and provides nutrients for plants to grow which in turn inhabit diverse
microbial species. In turn, the physical and chemical properties of soil are influenced
by the microbial activities and plant-root exudates (Taylor et al. 2009). However, plants
provide nutrients and protect some of these microbes (endophytes) from biotic and
abiotic stresses.

The structure and function of microbial species in the soil and within plant affect the
crop productivity (Bever et al. 2013). Microorganisms can provide beneficial effects on
plants directly by enhancing crop nutrition or indirectly by reducing damage caused by
pathogens or environmental stress. Another advantage of endophytes to the plants is the
protection they confer against herbivory by producing toxic alkaloids (Schardl et al.
2004). The phenotype of most plants in nature is now known to be the effect of
concerted and highly co-regulated expression of both plant and microbial genes. In fact,
significant parts of the plant phenotype represent the extended phenotype of one or
several microorganisms. A better knowledge on the interplay of soil, plants and
microbes is currently needed and requires in-depth studies on the role that plant-
associated microbes play in the ecosystems. This chapter recalls the meaning and
definition of rhizosphere and endosphere, diversity of microbes in and around the
plants, how the microbes enter into the plant system, methods to study this population of
microbes, importance of culture-independent analysis of rhizosphere and endosphere,
the factors affecting these microbes in their respective niche, role of yet uncultured
microbes in plant production and protection and finally the future prospects and



applications of these microbes through metagenomic approach.

9.2 Meaning and Definition of Rhizosphere and Endophytic

Microbes

The term rhizosphere was first coined by German agronomist and plant physiologist
Lorenz Hiltner in 1904 to describe the plant-root interface. The word rhizosphere
originates in part from the Greek word ‘rhiza’, meaning root (Hiltner 1904 and
Hartmann et al. 2008). According to Hiltner, rhizosphere is the area around a plant root
which is inhabited by a unique population of microbes structured by the compounds
secreted from plant roots. Presently, the rhizosphere definition has been refined to
include three zones which are defined based on their relative proximity to the root.

Endorhizosphere includes portions of the cortex and endodermis in which microbes
and cations can occupy the ‘free space’ between cells (apoplastic space).

Rhizoplane 1s the medial zone directly adjacent to the root including the root
epidermis and mucilage.

Ectorhizosphere is the outermost zone which extends from the rhizoplane out into
the bulk soil.

Because of the complexity and diversity of plant-root system, there is no definite
size and shape which can be used to define rhizosphere. But the region can be defined
based on gradient in chemical, biological and physical properties which change both
radially and longitudinally along the roots.

The interaction between plant and microbe is not only limited to root surface but
also to the root tissue. They enter through natural openings, spread throughout the plant
system, multiply and colonize. The microbes residing within the plant are called
endophytes. Endophytes were first described by the German botanist Heinrich Friedrich
Link in 1809 (Link 1809). He used the termed Entophytae to describe a distinct group
of partly parasitic fungi living in plants. Orlando Petrini in 1991 redefined endophytes
as ‘all organisms inhabiting plant organs that at some time in their life cycle can
colonize internal plant tissues without causing apparent any harm to their host’ (Petrini
1991). Since then, endophytes have been defined in various forms (Stone et al. 2000).
All the definitions related to the microorganisms which invade tissues of living plants
without causing disease remain there for short period or throughout their life.

Currently endophytes are described as any microbe that can be isolated from
asymptomatic plant tissue (Hardoim et al. 2015). This definition includes beneficial,
commensal, pathogens and neutral microorganisms. While for some others, microbes
with generally neutral or positive effects on host fitness represent the ‘classical’
endophytes (Partida-Martinez and Heil 2011). Endophytic microbes are a class of
endosymbiotic microorganisms that live in internal plant tissues of apparently healthy



host plants (Schulz and Boyle 2006). Putative endophyte has been recommended for the
microbes which are not microscopically validated. True endophytes should reinfect the
disinfected seedlings.

9.3 The Process of Colonization

Majority of endophytes are presumed to be facultative endophytes; they remain inside
the plant system during some stages of their life cycle and spend the remaining life
outside the plant system (Hardoim et al. 2008). The microbes which reside inside the
plant are naturally selected or move in from a pool of microbes. The strains of
Rhizobium etli isolated from inside maize stem (endophytes) are the selected subset
from the pool of Rhizobium etli found in rhizosphere or roots (Rosenblueth and
Martinez-Romero 2004). It was also observed that some amount of competition do exist
among the endophytes; aggressive colonizers displace other endophytes (Verma et al.
2004). The sequence of events leading to colonization of microbes in and around the
plant roots is similar, at least in the early stages. Bacterial colonization in and around
plant is a multistep complex process. This includes (a) migration towards root, (b)
attachment on root surface, (¢) distribution along root, (d) growth and survival of the
population and (e) entry into root and formation of microcolonies (Dudeja and Giri
2014).

The interaction of microbes with plant and their colonization route depends on the
strain of microbe. Some microbes make their entry inside the plant through seeds
(vertical transmission), while others have a mechanism to infect and colonize the plant
system (horizontal transmission). The endophytes enter into plant through root by
colonizing lateral root hairs (Mercado-Blanco and Prieto 2012). Some endophytes also
penetrate plants through flowers and fruits via colonization of the anthosphere and
carposphere (Compant et al. 2010 and Compant et al. 2011). Plants secrete various
carbohydrates, amino acids and other compounds through root as root exudates or root
mucilage (Philippot et al. 2013). These compounds act as chemoattractants which attract
a particular group of microbes and also serve as nutritional source to these microbes. In
some cases, the leaf and stem surfaces also secrete exudates which attract selected
microbes (Compant et al. 2010). The composition of rhizo-deposits (root exudates and
root mucilage) depends on the plant genotype, its age and physiological status and also
to some extent agronomic practices (Haichar et al. 2008). The profile of these
compounds 1s unique for a plant type which attracts few selected microbes. Some
microbe use organs like flagella for their movement towards their host plant. The
attracted microbes use these exudates as nutrients for their growth and multiplication
and colonize around the plant tissue (Lutenberg and Kamilova 2009). Due to spatial
variation in exudation process, some microbes colonize some areas better than the other,
leading to spatial variation in colonization (Gamalero et al. 2004).



Endorhizosphere microbes often colonize and penetrate the epidermis of lateral root
emergence, below the root hair zone and in root cracks (Zakria et al. 2007). While most
of the endophytes are active colonizer, which penetrate the plant system by infection
process, some are passive colonizers and make their entry through wounds or natural
openings in plants (Gaiero et al. 2013). Invasion of microbes on root surface is a
coordinated process and involves multiple signalling pathways and reciprocal
signalling between plants and endophytes and between endophytes (Rudrappa et al.
2008). The well-studied signalling mechanism between microbes which is required for
colonization is cell density-based regulation of microbial behaviour, called quorum
sensing (Teplitski 2000). The microbial cells produce and secrete low molecular
weight molecules called autoinducer, which helps in coordinated expression of
microbial genes to augment colonization process (Elasri et al. 2001). Most commonly
described low molecular weight quorum sensing signal molecule in Gram-negative
bacteria is N-acyl homoserine lactones (AHLs) (Elasri et al. 2001).

The colonization process is also affected by plant-specific compounds like
flavonoids. The flavonoids are unique to a host plant that specifically stimulates or
inhibits AHL-dependent quorum sensing responses through interactions with microbial
AHL receptors (Gao and Teplitski 2003). Giri and Dudeja (2013) did not find any
specificity among 11 endophytic bacteria with four hosts at any stage of root
colonization. However, some authors believe that the colonization process 1s not
general; only few selected species of microbes can colonize a particular plant species.
They believe that this specificity is regulated by interaction between microbe-specific
autoinducer and plant-specific flavonoids. The preferential colonization of a host plant
1s mediated by expression of genes required for colonization by microbes upon the
release of specific flavonoids by plant (Bais et al. 2004).

Upon infection and entry into host root system, the endophytes need to be equipped
with internal spreading mechanism for successful establishment and colonization inside
the plant. Like infection, spreading of microbes inside the plant system is also mediated
by both active and passive mechanism. Some bacteria may spread passively through the
disrupted endodermal layer (Gregory 2006). But the active mechanism requires cell
wall-degrading enzymes and type IV pili (James et al. 2002). Some endophytes move to
aerial parts of plant by entering the vascular tissues through moderate expression of
degradative enzymes such as glucanase, pectinases and cellulases and spreading
systemically (Johnston-Monje and Raizada 2011). Endoglucanase helps in loosing
larger cellulose fibres which helps in entry of microbe into the plant. Azoarcus strain
lacking endoglucanase was not effective in colonizing the rice plants. Reinhold-Hurek
and Hurek (2011) identified an exoglucanase having cellobiohydrolase and [3-
glucosidase activity, playing a key role in colonization process of Azoarcus sp. BH72. 1t
has been reported that Klebsiella strains produce pectate lyase to infect and colonize
plant tissue (Kovtunovych et al. 1999). Burkholderia sp. infects Vitis vinifera by



producing cell wall-degrading enzymes like endoglucanase and polygalacturonase
(Compant et al. 2005). The migration of Xylella spp. in the host vascular system is
mediated by the use of type IV pili (Meng et al. 2005). Azoarcus sp. type IV pili are
involved 1n the adherence to plant surfaces which is an essential step towards
endophytic colonization (Dorr et al. 1998). Type IV pili of Azoarcus sp. BH72 found to
be essential for biofilm formation on the surface of rice roots and subsequently for
endophytic spreading into shoots (Reinhold-Hurek et al. 2006).

Successful colonization by endophytes depends on many factors like plant genotype,
tissue type, colonizing species and biotic and abiotic conditions. Endophytes play an
active role in colonization. Difference in colonizing capabilities in different strains of
Rhizobium etli was observed by Rosenblueth and Martinez-Romero (2004). Two
strains of Klebsiella differ significantly in their colonization capacity in Medicago
sativa, Medicago truncatula, Arabidopsis thaliana, Triticum aestivum and Oryza
sativa plant hosts. Bacterial mutants impaired in production of necessary secretary
proteins failed to colonize plant host. Environmental factors like lack of nutrients,
desiccation and UV generally reduce colonization (Compant et al. 2010). The plant
hosts also vary in their ability to be colonized endophytically by the same bacterium.
Molecular analysis showed that a plant defence response also limits bacterial
populations inside plants (Rosenblueth and Martinez-Romero 20006).

9.4 How to Study These Microbes?

Soil microbes consist of a large portion of the genetic diversity on earth (Whitman et al.
1998). Standard traditional techniques of soil or rhizosphere microbial ecology involve
serial dilution of the sample, isolation and purification of microbes by plating on
nutrient-rich synthetic media in laboratory condition (Kirk et al. 2004), followed by a
series of morphological, physiological and biochemical tests to identify species and
their function (Maron et al. 2011). Similarly, the microbes inhabiting the plant system
are studied by cultivation-dependent methods. The plant tissue is subjected to a series
of processes to remove the surface inhabiting microbes and then culturing the
endophytes on nutrient-rich media for further characterization. Cultivation-based
techniques generally include (1) thorough washing of the plant tissue to remove adhering
soil particles, debris and major epiphytes, (2) surface sterilization of plant tissue to kill
microbes present on the host surface, (3) isolation and purification of microbes on
nutrient supplemented agar media and (4) structural and functional characterization of
the 1solated microbes based on morphological, physiological and biochemical
characteristics in cultures (Sun et al. 2011). The second step and to some extent first
step 1s required for the isolation of endophytic microbes.

Majority of the microbes in the environment are not readily culturable in laboratory
condition. It has been said that only 0.1 to 1% of actual bacteria can be cultured on



common media under standard conditions (Torsvik and Ovreas 2002). Specific or
complex nutrient requirement, interdependence and requirement of signalling molecules
are the reasons for inability to culture larger fraction of microbial species in laboratory
condition. Culturing microbes in isolation also did not give information about possible
interaction between microorganism and their habitat. The fast growers will exhaust
nutrients and occupy the space much ahead of slow grower and are overrepresented.
Because of the inherent limitations associated with culture-based analysis, the microbial
ecologists are moving to culture-independent analysis of environmental sample.

9.5 Metagenomic Approach

A modern method of culture-independent genomic analysis known as metagenomics (in
Greek, meta means transcendent) has been developed to access the information about
both the culturable and unculturable microorganisms. Metagenomics can provide a
cultivation-independent assessment of the largely untouched genetic reservoir of
environmental microbial communities. The term ‘metagenomics’ was first used by
Handelsman et al. (1998) for isolating DNA directly from soil organism, cloning it into
culturable organism and screening the resultant clones for the production of new
chemicals or compounds. Metagenomics can be defined as ‘the application of modern
genomics techniques to the study of microbial communities directly in their natural
environments, bypassing the need for isolation and laboratory cultivation of individual
species’ (Chen and Pachter 2005). Metagenomics is the culture-independent analysis of
a mixture of microbial genomes (Schloss and Handelsman 2003; Patrick and
Handelsman 2005). Metagenomics is also known by other names such as environmental
genomics or community genomics or microbial ecogenomics. Nucleic acid
(metagenomic)-based analysis of environmental sample helps to identify the
phylogenetic relationship and functional potential of microbial community.

The general approach in metagenomic studies relies on the extraction of DNA
directly from environmental samples, amplification of phylogenetic marker gene
(generally 16S rDNA for bacteria and ITS for fungi) and sequencing or molecular
fingerprinting to categorize their phylogenetic relationship. This approach will help in
understanding the microbial species content, their relative proportion, and dynamics in a
specific environment or niche. The other approach involves cloning of isolated
metagenomic DNA into large carrying capacity vectors (Fosmid, BAC and YAC) and its
expression in laboratory-culturable species (generally E. coli). The metabolic potential
embedded in unculturable microbes can be exploited by this approach. The earlier
approach is called structural metagenomics and the later one functional metagenomics.
There is one more approach wherein the whole metagenomic DNA is sequenced using
next-generation sequencing technology to know the species diversity and the protein
coding genes to understand the potential functional capability of the niche.



For successful metagenomic studies, good-quality and quantity DNA is prerequisite.
Isolation of DNA from environmental sample (especially soil) is very challenging as it
harbours diverse microbes varying in their cell wall composition. Soil DNA isolation
protocols are broadly classified into direct and indirect lysis. Indirect lysis involves
separation of cells from soil matrix followed by cell lysis and DNA extraction (Holben
et al. 1988). Cell lysis in the soil matrix followed by separation and purification of
DNA from matrix and cell debris forms the direct lysis method (Ogram et al. 1987).
Releasing of microbial cells from soil particle, cell lysis and purification of soil DNA
from contaminants like humic substances are critical and challenging. There are several
methods to extract DNA from bulk or rhizosphere soil, but none of them can be accepted
as standard for different soil types and among scientific community (Schneegurt et al.
2003). The soil DNA isolation protocol needs to be optimized at each step. The various
steps involved in the isolation of soil DNA may be read in Ogram et al. (1987), Tsai
and Olson (1991), Lakay et al. (2007), Mahmoudi and Slate (2011) and Islam et al.
(2012).

Similarly, isolation of endophytic microbial community DNA also faces some
technical challenges. Separation of endophytic microbial DNA from plant nuclei,
plastid and mitochondrial DNA demands sound knowledge and technical skills. It is
difficult to isolate and sequence only bacterial community DNA as plant cells are much
more abundant than bacterial cells in a target tissue. Enrichment of bacterial DNA prior
to DNA amplification should be followed to reduce the amount of interference from host
plant DNA (Govindasamy et al. 2014). To exclude interference of host plant DNA, Jiao
et al. (2006) enriched bacterial endophytes by hydrolysis of the plant cell walls,
followed by differential centrifugation. Ikeda et al. (2009) used series of differential
centrifugation steps followed by density gradient centrifugation to enrich the bacterial
DNA in stem and leaves of soybean and rice. The technique developed by Nikolic et al.
(2011) involved overnight shaking of the small pieces of tubers in sodium chloride
solution for extraction of endophytes from internal tissues of potato tubers. Though these
methods reduced the contamination of plant DNA from endophytic DNA, the
representation of rare endophytes was also reduced.

Once a good-quality and quantity DNA is obtained, there are several techniques to
study microbial community structure, composition and their functional capabilities in
rhizosphere and endosphere. Detailed discussion about each of these techniques is out
of the scope of this chapter. The principle, applicability, advantages and limitations of
each method for both structural and functional metagenomics including a range of
statistical tools to estimate diversity and dynamics of microbial population have been
described (Krishnaraj and Pasha, 2017). Due to improvement in sequencing technology
and reduction in cost, next-generation sequencing is most preferred method among
molecular ecologists to study environmental samples. This method generates huge data
in a shortest possible time and can effectively provide deep insights into complex



microbial communities in ecological niches (Fakruddin and Mannan 2012). But it
demands technically sound knowledge of bioinformatics to process the sequences data,
analyze it and interpret the results in a scientific manner. In functional metagenomics,
cloning of metagenomic DNA 1n vectors and expression in E. coli is still the preferable
method. But the methods for screening library to isolate the desired clone have been
revived. Though there are different methods like stable isotope probing and substrate-
induced gene expression, the enrichment of sample before construction of metagenomic
library 1s most preferable one. This method does not require any specialized technique
or instruments but increases the chance of isolating desirable clone from complex
habitat like soil (Knietsch et al. 2003).

9.6 Diversity of Microbes in and Around the Plants

The number of species and their relative proportion in a sample encompasses microbial
diversity. Due to the intimate association of plant, the microbial diversity i1s higher in
the soil close to the plant compare to the bulk soil (Nunes da Rocha et al. 2009). The
bacterial diversity in rhizosphere is of 4—7 order magnitude more than in bulk soil
(Foster 1988). Next to the soil, plants constitute vast and diverse niches for endophytic
organisms. Thinking of microbe-free plant is close to a myth as such plant would hardly
be capable of surviving under natural conditions (Partida-Martinez and Heil 2011). In
general, the diversity of microbes colonizing inside the plant is lower than they are
observed around the plant near root zone (Rosenblueth and Martinez-Romero 2004).
The diversity of endophytic bacteria is highly variable in different parts or tissues of

plant and is found to be from hundreds to 9 x 10° per gram of plant tissue (Chi et al.
2005). Endophytes colonize almost every part of plant like apoplast intercellular spaces
of the cell walls, xylem vessels of plant roots, stems, leaves, flowers, fruits and seeds
(Hardoim et al. 2015). Generally higher diversity of endophytes are observed in roots
and other below-ground tissues of plant as compared to above-ground tissues indicating
endophytes enter the plant system through roots and migrates towards aerial parts
(Rosenblueth and Martinez-Romero 2004 and Chi et al. 2005). While most of the
endophytes are found in rhizosphere also, some endophytes are very rare or totally
absent in soil (Reinhold-Hurek and Hurek 1998). Species belonging to Clostridia were
detected in surface-sterilized leaves, stem and roots of a grass but not found in
surrounding soil (Miyamoto et al. 2004). Janssen (2006) surveyed 32 libraries of 16S
rDNA from published articles of different bulk soils to assess the bacterial diversity. He
found 32 bacterial phyla of which Proteobacteria, Acidobacteria, Actinobacteria,
Verrucomicrobia, Bacteroidetes, Chloroflexi, Planctomycetes, Gemmatimonadetes and
Firmicutes are dominant. Members of these nine phyla make up an average of 92% of
soil libraries. Culture-independent analysis of bulk soil and soybean rhizosphere soil
identified 17 bacterial phyla, but the relative proportion of Proteobacteria was



increased, while Acidobacteria and Firmicutes were decreased in rhizosphere soil
during soybean growth (Sugiyama et al. 2014). At subgroup level, Alphaproteobacteria
were the most abundant, followed by Beta-, Gamma- and Deltaproteobacteria in
different soil types. At genus level, the three most abundant are Burkholderia (class
Betaproteobacteria), Pseudomonas (class Gammaproteobacteria) and Chitinophaga
(class Sphingobacteria), which constitute 2.7, 1.6 and 1.0% of all the sequences,
respectively (Janssen. 2006).

The endophyte communities isolated so far mainly comprised of species belong to
phylum Proteobacteria followed by Firmicutes, Actinobacteria and Bacteroides
(Reinhold-Hurek and Hurek 2011). The presence of cellulose attracts more of
Proteobacteria in endosphere (Bulgarelli et al. 2012). At subgroup level, most of the
endophytic species belongs to the a-, - and y-Proteobacteria subgroups (Kuklinsky-
Sobral et al. 2004). The y-Proteobacteria group is the most diverse and dominant.
Streptomycetaceae was found to be abundant in the root endosphere among
Actinobacteria phyla (Bulgarelli et al. 2012). Bacillus and Pseudomonas species are
frequently observed species in most of the crop plants (Souza et al. 2013). The analysis
based on the 16S rDNA sequence data of endophytes deposited in the nucleotide
database repository (as of 1 March 2014) revealed presence of 23 recognized and a
candidate phyla of prokaryotes (2 from Archaea and 21 from Bacteria) in endophytes
(Hardoim et al. 2015). However, more than 96% of the endophytes belong to only four
bacterial phyla. The highest number is represented by Proteobacteria (54%) followed
by Actinobacteria (20%), Firmicutes (16%) and Bacteroidetes (6%). Other phyla
detected were Planctomycetes, Verrucomicrobia and Acidobacteria. Among them, most
of the prokaryotic endophytes belong to Gammaproteobacteria, including 56 recognized
and seven unidentified genera as well as the ‘Candidatus Portiera’ genus (Hardoim et al.
2015). No Archaea has been found to associate tightly with plants as endophytes.
Although there are metagenomic-based studies (Chelius and Triplett 2001 and Sun et al.
2008) on few Archaea associated with roots, they have found to occur on the surface of
older roots and not been detected convincingly in internal plant tissues (Chelius and
Triplett 2001).

Fungi are next most dominant microbes in soil after bacteria. Earlier methods of
fungal diversity were not sufficient to identify fungi at lower taxonomic level.
Classification of fungi based on 18S rDNA or internal transcribed spacer (ITS)
sequence has partially solved this problem and allowed for better species classification
(Gehlot et al. 2012). Nine fungal species belonging to Dothideomycetes, Eurotiomycetes
and Sordariomycetes classes of the phylum Ascomycota have been isolated from the
roots of plants in volcanic islands of Korean Peninsula. These species belong to the
genera Alternaria, Cladosporium, Exserohilum, Phoma, Pyrenochaeta, Aspergillus,
Neosartorya, Penicillium and Fusarium (Nam et al. 2015). Fungal diversity in soil and
roots of three different poplar plantations was studied using metagenomic-based 454



pyrosequencing of ITS region (Danielsen et al., 2012). Fungal species richness in the
soil was found to be higher than in roots. They also found that soil saprophytic,
pathogenic and endophytic fungi are dominant in soil, whereas 87% of root endophytes
belong to ectomycorrhizal fungi.

A large diversity of fungal species was also found in plant endophytes. Thirty three,
60, 18 and 58 taxa of endophytic fungi were discovered in leaves of European aspen
(Populus tremula) (Albrectsen et al., 2010), leaves and twigs of Quercus ilex (Fisher
etal. 1994), leaves of switch grass (Panicum virgatum L. Ghimire et al. 2011) and
leaves of wild rubber trees (Hevea brasiliensis) (Gazis and Chaverri 2010),
respectively. On an average 5.73 + 1.94 species were found to co-occur in leaf discs of

ca. 3cm?. The diversity of microbes can be different even with different plant parts or
tissues of oat (DeAngelis et al. 2009). Trichoderma, Penicillium, Paecilomyces,
Pestalotiopsis and Basidiomycota were found to be dominant fungal groups in wild
rubber, whereas Trichoderma, Pestalotiopsis, Colletotrichum, Xylariales and
Basidiomycota were most common in planted trees.

Sequence analysis of full-length ITS region of endophytic species deposited in
National Center for Biotechnology Information (NCBI) nucleotide database revealed
that most of the endophytes belong to Glomeromycota (40%), Ascomycota (31%),
Basidiomycota (20%), unidentified phyla (8%) and, to a lesser extent, Zygomycota
(0.1%) (Hardoim et al. 2015). Most (around 39%) of the eukaryotic endophytes can be
assigned to the class Glomeromycetes. Among the Ascomycota, a large number of
endophytes are identified in the class Dothideomycetes (15%). Members belonging to
the class Agaricomycetes contain a large number of endophytes (18%) among the
Basidiomycota (Hardoim et al. 2015).

9.7 Factors Affecting Microbes in and Around Plant

The factors affecting microbial community composition and their diversity in
rhizosphere belong to edaphic factors (like mineral nutrients, ionic composition, pH,
oxidation-reduction potential, carbon and energy sources), environmental factors (like
soil moisture, temperature, pressure, air composition and electromagnetic radiation),
vegetation type and land management practices. Like rhizosphere microbes, endophytes
are also susceptible to biotic and abiotic factors, but they are more protected as they are
not directly exposed to outside environment (Hallmann et al. 1997; Kuklinsky-Sobral et
al. 2004). The composition and diversity of endophytic microbial community is affected
by plant type, soil type, environmental conditions, interaction between host plant and

endophyte, interaction among endophytes and also the agricultural practices (Ryan et al.
2008).



9.7.1 Environment-Related Factors

The metabolism and the survival of microbes in and around the plants are affected
largely by environmental conditions and soil parameters. A fraction of the microbial
community dies during each drying-and-wetting cycle (Kieft et al. 1987). As a
consequence, the composition of soil microbial communities fluctuates. Distribution of
microbial cells in soil matrix is not uniform (Gonod et al. 2003) and is dependent on the
localized factors like pH, moisture content, nutrient availability, predation, parasitism
and competition (Rousk et al. 2010). In upper layer of cropping soil where nutrient
distribution 1s uniform, the distribution of bacterial cell is random. However, in deeper
layers where nutrient availability is limiting factor, the bacterial cells are localized to
soil pores (Nunan et al. 2003). Changes in environmental conditions, such as
temperature, humidity, light intensity, geographic location and vegetation, significantly
affect the distribution pattern of endophytic fungi (Suryanarayanan et al. 2005; Song et
al. 2007).

The effect of nutrient availability and soil pH on soil microbial community
composition and their functional diversity was analyzed by using combination of
shotgun metagenom sequencing and biolog (Uroz et al. 2013). Soil resource availability
impacts the functional diversity and to a lesser extent the taxonomic diversity of the
bacterial communities. The microbial communities inhabiting the organic horizon are
well adapted to degrade easily accessible carbon substrates such as soluble
carbohydrates or polysaccharides and, on the contrary, those inhabiting the mineral
horizon are better adapted to degrade amino acid derivatives and proteins resulting
from the leaching of by-products of organic matter and litter decomposition. Xu et al.
(2014) used computational tools in bioinformatics to understand the complex
relationships between structural diversity of microbes and their habitat. They analyzed
33 metagenome samples from publicly available five soil habitats (i.e. grassland, forest
soil, desert, Arctic soil and mangrove sediment). Microbiota from same soil habitat was
more similar to each other. Comparison within habitat indicated, grassland soils are
more similar, and desert soils are more dissimilar in bacterial community composition.
The difference in desert community composition was due to different geographic
location; three samples were from hot desert and one from cold desert. Between-habitat
comparison of microbial community composition indicates the forest and grassland
soils are more similar and the mangroves and desert soil are more dissimilar.

The ecological niche consisting of environmental factors and edaphic factors like
soil type, pH, nutrition status and other physical properties determines the production
and secretion of type and amount of secondary metabolites by host plant. The plants in
the tropical region of high temperature and high mean annual rainfall will produce more
nutrients and diverse secondary metabolites which will attract more endophytes for the
colonization, reproduction and dissemination (Wu et al. 2013). In contrast, the plants in



the temperate region of low light and low rainfall conditions will face inappropriate
rates of photosynthesis, respiration, oxygen concentration and pH value and hence
attract only those species of microbes which can sustain in such poor conditions (Jiang
etal. 2010). Variation in nitrate level also influences the soil and root-associated
microbial communities. Soil nitrate is involved in shaping root architecture; the
presence of exogenous nitrate induces the plant to produce lateral roots. It has also been
proposed that root architecture can affect root microbiota and vice versa (Cheng et al.
2016). A change in soil microbial composition and diversity is strongly correlated with
changes in soil pH. The population of bacteria increased with increase in pH, whereas
fungal population remains significantly unaltered (Rousk et al. 2010).

The effect of soil type is found to be highest among the environmental factors on the
community composition of endophytes. The type of species and their relative
distribution were found to be similar in different host in the same locality or region. A
high degree of similarity in terms of endophytic species taxonomy and their distribution
was observed in different host plants grown in the same regions (D’ Amico et al. 2008).
Conversely, the endophytic microbial profile was found to be dissimilar even in the
same host plant but grown in different regions (Jiang et al. 2010). The soil type
determines the endophytic population in wheat to a large extent (Conn and Franco
2004). Rasche et al. (2006) investigated the effect of soil type and plant type on
bacterial endophytes of potato. They used different varieties, including genetically
modified plants, and were grown in contrasting soil types in green house. The plants
were sampled at different growth stages to study the effect of plant growth stage-
specific compounds. Molecular community analysis showed that the soil type was the
most important driver of bacterial community composition, followed by the plant
developmental stage. Similar study was conducted recently by Lundberg et al. (2012).
They studied root endophytes of eight Arabidopsis accessions at different growth stages
cultivated in two different soil types using next-generation sequencing technologies. The
results showed that the effect of soil type 1s more prominent than plant genotype on
endophytic microbial structure.

9.7.2 Host-Related Factors

The experiments of Grayston et al. (1998) and Miethling et al. (2000) showed that the
plant species have greater effect than soil type on rhizosphere microbial community
composition. Microbial activity in soil is greatly influenced by plant roots (Bais et al.
2006). Soil microbes use sugars, amino acids and organic acids excreted by plant root
as their substrate and improve their biomass and activity near the root zone. The
composition of root exudates depends on plant species and cultivar, developmental
stage, plant growth substrate, and stress factors (Uren 2000). Smalla et al. (2001) using
cultivation-independent methods showed that roots of different species of plant are



colonized by their own bacterial communities. And this difference does not exist only at
species level but also at cultivar level (Germida and Siciliano 2001).

Bacterial community composition associated with the roots of Medicago truncatula
changes with the developmental stages of crop (Mougel et al. 2006). The effect of plant
growth stage-specific root exudates on rhizosphere was analyzed by Hussain et al.
(2012). They collected the rhizosphere samples at tillering, grain filling and ripening
stage of rice and compared it with the bulk soil. The highest diversity of bacteria and
fungi was observed at grain filling stage; however, no such difference was observed in
bulk soil. Above-ground diversity (plant) influences the below-ground microbial
community and structure (He et al. 2010). They used metagenomic-based DNA
microarray technology to analyze the rhizosphere sample from monoculture and mixed
cropping system. Their result indicated that monocultures of plants lead to a decrease in
the below-ground microbial community diversity. Similarly, metagenomic-based
pyrosequencing analysis of potato rhizosphere soil indicates that monoculturing of
potato for 7 years gradually declined the bacterial riches and diversity (Liu et al.,
2014). Moreover, the population and incidence of soil-borne plant pathogen increased
gradually due to monoculture.

The genetic background of the host plant, its age and physiological status
considerably affects the population structure of endophytic microbes. Bacterial
endophytes associated with leaves of distantly related plant species grown under natural
conditions were studied by Ding et al. (2013). They found that the plant type is the
major factor determining the endophytic community composition followed by sampling
dates and sampling locations. Similar results were observed from other related studies
suggesting that the distribution of certain endophytic microbial populations is only
restricted to particular host plant species (or families) and particular genetic
background (genotypes) of a species (D’ Amico et al. 2008). Generally, genetically
related plants seem to host more similar bacterial endophyte communities (Ferrando et
al. 2012). The plants secrete unique compounds in the form of root exudates which are
likely to attract distinct microorganisms by each plant type, and hence plant-specific
endophytic community composition is observed (Bodenhausen et al. 2013). Some
exudates are known to have negative effect on endophytic microbes.

Fitness of the endophytic community largely depends on the fitness of the host plant
suggesting the role of plant physiology in the colonization and distribution of endophytic
microbes in the host plants (Saikkonen et al. 2004). Hallmann et al. (1997) also
suggested that the changes in plant physiology can lead to the development of a distinct
endophytic population. The effect of fertilizer on endophytes has been studied in rice
wherein rapid change in nitrogen-fixing population was observed within 15 days after
nitrogen fertilization (Tan et al. 2003). Increasing the dose of nitrogen fertilizers
reduced the sucrose content in sugarcane which in turn affected the colonization
capacity of Gluconacetobacter diazotrophicus (Fuentes-Ramirez et al. 1999).



Furthermore, age and tissues of host plants also influence species composition of the
endophytic community (Sieber. 2007). Rodrigues (1994) observed different endophytic
species in different tissues of host plant. Such a specific distribution of endophytic
species might be related to their ability to utilize specific substrates produced and
secreted by specific tissues of plants at different stages (Rodrigues 1994). This
indicates that the metabolites or compounds produced by different tissues of plant at
different developmental stages determine the type and intensity of plant colonization by
endophytic microbes.

9.7.3 Microbe-Related Factors

The process of plant colonization is regulated by certain traits possessed by microbes
which are collectively known as colonization traits. Communication between plant and
microbe plays a key role during colonization process (Rosenblueth and Martinez-
Romero 2006). The process of colonization often starts with recognition of specific
compounds 1n the root exudates by the microbes (De Weert et al. 2002). Specific
microbes respond to these unique exudates by chemotactic movement (Lugtenberg et al.
2001). The type of response may differ in different microbes. The organic acids
secreted by tomato roots are major chemoattractant for Pseudomonas fluorescens (De
Weert et al. 2002), whereas in case of rice the carbohydrates and amino acids attract
Corynebacterium flavescens and Bacillus pumilus (Bacilio-Jimenez 2003). A mutant
strain of P. fluorescens which lacked cheA gene responsible for chemotaxis showed
reduced movement towards tomato root exudates and also decreased colonization on
roots (De Weert et al. 2002). Mark et al. (2005) studied the response of P aeruginosa
strain PAO1 to the root exudates of two cultivars of sugar beet. Interestingly, different
set of genes responded to the exudates of two different cultivars of sugar beet.

In addition to root exudates, some bacteria are known to be attracted by hydrated
polysaccharides excreted from the root tip, commonly called as root mucilage (Knee et
al. 2001). Root mucilage produced by maize is known to attract Azospirillum spp.
strains (Mandimba et al. 1986); on the other hand, it prevents colonization by P
fluorescens strain SBW25 (Humphris et al. 2005). The establishment of bacteria in root
is also affected by its surface characteristics. The composition of lipopolysaccharide,
particularly the rhamnose content is very important for attachment to and colonization of
maize roots by H. seropedicae (Balsanelli et al. 2010). The production and secretion of
exopolysaccharide was found to be necessary for colonization of rice plant by the
nitrogen-fixing endophyte Gluconacetobacter diazotrophicus (Carlos etal. 2011). It is
observed that the superoxide dismutase and glutathione reductase produced by this
bacteria is also crucial for endophytic colonization of rice roots (Sylvia et al. 2013).

Root exudates and root mucilage attract large number of microbes, but only the
competent microbe will colonize and infect the host plant. The competent microbe



produces secondary metabolites, antibiotics and siderophores to outcompete with other
microbes in the rhizosphere (Lugtenberg and Kamilova 2009). Commonly produced
secondary metabolites include 2,4-diacetylphloroglucinol (DAPG), hydrogen cyanide,
oomycin A, phenazine, pyoluteorin, pyrrolnitrin, thiotropocin, tropolone as well as
many others such as cyclic lipopeptides, rhamnolipids, oligomycin A, kanosamine,
zwittermicin A, and xanthobaccin (Nielsen et al. 2002, Raaijmakers et al. 2002; de
Souza et al. 2003). Genome analysis of Bacillus amyloliquefaciens FZB42 (Chen et al.,
2007) and P, fluorescens Pf-5 (Paulsen et al. 2005) revealed that these bacteria contain
large gene clusters responsible for detoxification and production of antibiotics and
siderophores, which makes them efficient colonizer of the host plant. In some cases, the
presence of locomotory organs like flagella 1s an added advantage which allows
bacteria to get into contact with exudates and root mucilage components (Turnbull et al.
2001). The polysaccharides and other related compounds present in plant cell wall
sometimes became obstacles for the active colonization of host plant. To overcome this
problem, the endophytic microbe needs to secrete the relevant enzymes, such as
protease, xylanase, cellulases and lactase to decompose these secondary metabolites
before they penetrate the host plants (Reinhold-Hurek et al. 2006). The cellulolytic and
pectinolytic enzymes produced by endophytes are involved in the infection process
(Hallmann et al. 1997). Pectate lyase produced by K/ebsiella strains participates
actively during plant colonization (Kovtunovych et al. 1999). Burkholderia sp. infects
Vitis vinifera by producing cell wall-degrading enzymes like endoglucanase and
polygalacturonase (Compant et al. 2005). For successful colonization within plant, the
endophytes need to be equipped with a set of cell wall-degrading enzymes with
confined and localized activity.

9.7.4 Factors Related to Agricultural Practices

Shift in bacterial community structure due to land management practices has been
reported by many (Smit et al. 2001; Buckley and Schmidt 2003). Soil disturbance can
cause significant modifications of soil habitat, which affects the microbial community.
The soil organic matter and microbial biomass decline due to land disturbance
(Sparling 1997). Application of chemical fertilizers and pesticides inhibits the activity
and function of rhizosphere microbes and also leads to the changes in microbial
community diversity and dynamics (Kaur et al. 2008). Application of organics like farm
yard manure and green manure increases soil nutrient availability, microbial biomass
and their activity in soil (Widmer et al. 2006; Liu et al. 2009). The effect of organic
farming on rhizosphere microbes was analyzed by 16S rDNA sequencing of
metagenomic DNA (Aparna et al., 2014). Organic farming improved the bacterial
richness and diversity, and the species were more evenly distributed among the phyla.
However, no significant difference in the bacterial diversity of 5-year-old organic and



organically grown cotton rhizosphere was observed by DGGE-based analysis of
metagenomic DNA (Pasha et al., 2015). Stark et al. (2007) and Lazcano et al. (2013)
showed significant difference in bacterial community composition between short-term
organic and mineral-amended soil. However, no significant difference was observed in
diversity, species richness and evenness in bacterial community of 4—5-year-old (Wu et
al. 2008), more than 5-year-old (Van Diepeningen et al., 2006) and 20-year-old (Liu et
al. 2007) organic and conventional farm soils.

The effect of agricultural land use on community structure, composition and
metabolic profiles of soil microbiomes was studied by Carbonetto et al. (2014). They
used three different production farms; two plots (samples) were under cultivation for at
least one century under conventional tillage systems and one with no agricultural land
use (no tillage nor cultivation) was recorded for the last 30 years. Agronomical land use
and the type of tillage system induced microbiomes to shift their life-history strategies.
Microbiomes of cultivated fertilized soils presented tendencies to copiotrophy, while
microbiomes of noncultivated homogenous soils appeared to have a more oligotrophic
lifestyle. Application of chemical fertilizers and pesticides reduces the overall
microbial diversity compared to organic farming. Long-term application of inorganic
fertilizers reduced the dependency of root feeding bacteria on root exudates. Souza et al.
(2013) studied the effect of tillage on soil microbial structural and functional diversity
using pyrosequencing of soil metagenome. Significantly high diversity of microbes was
found in soil with conventional tillage. The microbes in conventional tilled soil
(ploughing and disking) were found to be associated with residue decomposition and
carbon and nitrogen cycling. However, the microbes known to inhabit nutrient-rich
environment were found abundant in no tillage soil.

Information on the effect of agricultural practices on endophyte population is limited
to several studies. Application of high level of nitrogenous fertilizers to sugarcane
reduced the colonization ability of nitrogen-fixing endophytic bacterium Acetobacter
diazotrophicus (Fuentes-Ramirez et al. 1999). Specific and distinct group of microbes
were observed in the endosphere of maize treated with chemical fertilizers and
herbicides compared to organic-based fertilizers and herbicides (Seghers et al. 2004).
Application of glyphosate changed the endophytic composition of soybean (Kuklinsky-
Sobral et al. 2004). These studies did not reveal that the changes in endophytic
population are the direct effect of agronomic practices or it is the result of changes in
overall soil microbial population upon the fertilizer. The composition of endophytic
population is not directly determined by microbial diversity of the rhizosphere but
involves other factors related to plant biochemistry. Application of chitin resulted in
changes in the soil and root endophytes of cotton; this could be due to enhanced
concentrations of chitinase and peroxidise which might have attracted certain type of
microbes in rhizosphere and endosphere (Hallman et al. 1999).

Hallmann et al. (1997) showed that application of fertilizers or pesticides to plants



in the form of organic amendments also influences the endophytic populations. Repeated
application of manures may pose environmental hazards and have the potential to alter
the endogenous microbial structure (Soupir et al. 2006). Even the type and quality of
organic inputs affect the microbial community composition (Liu et al., 2009).
Application of organic manures contaminated with faecal bacteria leads to the
colonization and accumulation of human pathogens like Escherichia coli, Vibrio

cholerae strains and Pseudomonas aeruginosa in plants (Deering et al. 2012 and
Akhtyamova 2013).

9.8 Role of Microbes Associated with Plants: A Metagenomic
Approach

Though the association of microbes with plants is known for many years, their role in
plant’s survival and its production was dissected very recently. The rhizosphere and
endophyte colonizing microbes are considered to be part of the plant’s pan-genome
(Tkacz and Poole 2015). Some others consider these microbes genetic material as
plant’s second genome (Berg et al. 2014). Some of the phenotypic appearance and
functional capabilities of plants are not coded by the plant’s own genome but governed
by the microbes it is associated with. There are many reports of successful isolation,
characterization and functional validation of microbes associated with plants involved
in plant growth promotion, protection and quality improvement. Since the interaction
between plant and microorganism is very complex and open system, most of the
interactions that happen in rhizosphere or within plant are unknown. The results
obtained based on cultured microbes give only partial information about these
interactions and identify only few selected microbes which can grow in nutrient-rich
media, leaving a large pool unidentified which could be potential contributor towards
the observed effect.

The microbes associated with plant modulate almost every aspect of plant’s life
either directly or indirectly. For simplicity in understanding, the role of these microbes
1s discussed in three broad categories: plant growth promotion, plant protection and
quality improvement. Plant growth promotion includes production or secretion of
nutrients, production of hormones and plant growth-promoting substances. Plant-
associated microbes are known to protect its host plant from range of pests including
bacterial and fungal pathogen, nematodes and herbivores. These microbes are also
known to protect the host plant from abiotic stresses. The quality of product produced
by plant is also shown to be influenced to some extent by microbes present in and
around the plants.

9.8.1 Plant Production



Plant growth is promoted through improved nutrient acquisition, including nitrogen
fixation and phosphate solubilization and production of plant growth-enhancing
substances such as cytokinins (Garcia de Salamone et al. 2001) and indole acetic acid
(IAA) (Naveed et al. 2015). Application of microarray to the metagenomic DNA-
detected key genes involved in nitrogen cycle and provided information on the
composition and activity of the complex soil microbial community (Wu et al. 2001).
Metagenomic analysis of rice root endophytes detected the presence and expression of
protein domains involved in nitrogen fixation, denitrification and nitrification (Sessitsch
etal. 2012). This result indicates that the endophytes can be involved in the entire
nitrogen cycle. The detailed analysis of how plant adopts and survives under poor
nutrient conditions was analyzed by lkeda et al. (2014). They applied metagenomic
approach to study and compare the rhizosphere and endophytes of rice under low and
standard nitrogen application. The relative abundances of Burkholderia,
Bradyrhizobium and Methylosinus were significantly increased in rice root grown in
low nitrogen relative to the standard nitrogen condition. The genes involved in methane
oxidation and metabolism of nitrogen, sulphur, iron and aromatic compounds were also
more abundant in the low nitrogen root microbiome. This result clearly indicates the
importance of microbes associated with plant in sustaining plant growth under low-
nutrient regime.

Shotgun metagenome sequencing of Lotus japonicus rhizosphere soil revealed that
the microbial communities are involved in phytic acid utilization which would allow
the plant to survive under low-nutrient availability (Unno and Shinano 2013). Sequence
analysis showed improvement in the relative abundance of the classes Bacteroidetes,
Betaproteobacteria, Chlorobi, Dehalococcoidetes and Methanobacteria. These
classes are known to contain species that potentially promote plant growth and phytic
acid utilization. The gene clusters relating to phytic acid utilization (like alkaline
phosphatise, citrate, glutamine, glutamate, aspartate and asparagine biosynthesis) and
glyoxylate synthesis were also found abundant. The soil was managed without
phosphate fertilizer for over 90 years yet supporting the plant growth with the help of its
associated microbes. The bacterial community associated with tap root of sugar beet
(Beta vulgaris L.) was analyzed by metagenome sequencing (Tsurumaru et al. 2015).
Genes involved in plant growth-promoting traits like phosphate solubilization
(quinoprotein glucose dehydrogenase), methanol utilization (methanol dehydrogenase),
siderophore production (isochorismate pyruvate lyase) and ACC deaminase were found
abundant.

Metagenomic analysis of tamarisk (7amarix nilotica), soybean (Glycine max),
Arabidopsis (Arabidopsis thaliana), clover (Trifolium repens) and rice (Oryza sativa)
phyllosphere has identified an abundance of various known and novel microbial
rhodopsins (Atamna-Ismaeel et al. 2012). These light-sensing proteins and proton
pumps showed non-overlapping absorption spectra with their host plant. This result



indicates that the energy metabolism in the plant is also dependent on its associated
microbes. The plant-microbe interaction and the response of plant to its surrounding
microbes are well explained by Costa et al. (2014). They proposed a model based on
categorical principal component analysis to explain the expression of bacterial plant
growth-promoting traits according to the soil nutritional status. They applied their
model to data sets of seven independent but similar studies and found that the plants
favour interaction with growth hormone producers under nutrient-rich conditions but
favour nutrient solubilizers under nutrient-poor conditions. Analysis of 16Sr DNA
sequencing of soil metagenome showed that the bacterial communities of the soybean
rhizosphere changed significantly during growth stages. It was observed that the
potential plant growth-promoting rhizobacterial community like Bacillus,
Bradyrhizobium, and Rhizobium changed in a stage-specific manner (Sugiyama et al.
2014).

9.8.2 Protection from Biotic and Abiotic Stress

In addition to enhance growth of plants by nutrient assimilation and production of plant
growth hormones, plant-associated microbes are also known to involve in adaptation of
plant to biotic and abiotic stress. Endophytic microbes present a special interest for
improved crop adaptation to stress as they have the advantage of being relatively
protected from the harsh environment of the soil under draught, high salt or other stress
conditions (Sturz et al. 2000).

Rondon et al. (2000) used BAC vector to construct libraries of genomic DNA
isolated from soil. Initial screening of libraries in E. coli identified several clones that
express heterologous gene from the insert. The phenotypes expressed by these clones
include antibacterial, lipase, amylase, nuclease and hemolytic activities. Novel
bacterial chitinase Chi18H8 was isolated from disease-suppressive soil and cloned in
fosmid vector. The expressed protein in E. coli showed antifungal activity against
Colletotrichum gloeosporioides, Fusarium oxysporum and Fusarium graminearum
(Hjortetal. 2014). Tejesvi et al. (2016) constructed the metagenomic library from
endosymbiotic fungal microbiome of black crowberry. One of the clone produced
folded protein En-AP1, with no similarity to known protein. The tryptic digest of this
protein showed antibacterial activity against Staphylococcus aureus and E. coli. The
metagenomic analysis of sugar beet root-associated bacterial microbiome (Tsurumaru et
al. 2015) revealed the abundance of -1,3-glucanase coding genes which play an
important role in suppressing plant pathogen and maintaining plant health. Mendes et al.
(2011) used the combination of culture-dependent functional analysis and phylo-chip
based on metagenome of rhizosphere microbiome. They identified that the microbes
belonging to Proteobacteria, Firmicutes and Actinobacteria produce non-ribosomal
peptide synthetases which are involved in plant disease suppression. They explained



how plant recruits and exploit microbial consortia from soil for protection against
fungal root pathogen.

Application of soil slurry prepared from rhizosphere soil of different plants to the
Arabidopsis rhizosphere reduces the herbivore behaviour of Trichoplusia ni insect
larvae (Badri et al. 2013). They found the application of microbial consortia in the form
of soil slurry prepared from different rhizosphere changed the leaf metabolome, which
modulated the insect herbivory. Based on principal component analysis of leaf
metabolome and soil metagenome, they targeted the species belonging to Balneimonas,
Skermanella and Nocardioides could be responsible for changing leaf metabolome and
hence reduced insect feeding.

Though there is no direct report of 1solation and characterization of drought-tolerant
genes from plant-associated microbial metagenome, but there are few reports which can
reveal their potential application in near future. The study of Zolla et al. (2013)
unrevealed the importance of soil microbiome in combating the drought stress in
Arabidopsis. A sympatric microbiome (i.e., having a history of exposure to Arabidopsis
at a natural site) significantly increased the Arabidopsis biomass under drought
condition, but the soil from two different rhizospheres (i.e., pine and maize) when
inoculated to Arabidopsis did not improve the plant biomass in same conditions.
Further, metagenomic analysis of one sympatric and two non-sympatric microbiomes
revealed 84 bacterial OTU’s from 41 genera which were significantly higher in
sympatric microbiome, but there was no up-regulation of Arabidopsis drought response
marker genes. This study clearly indicates that microbes associated with plant can
modify the plant’s ability to sense abiotic stress and increase its biomass production.
Using culture-independent genomic analysis of farm in desert, Koberl et al. (2011)
identified that prolonged farming in desert ecosystem improved the antagonistic
microbial population like Bacillus and Paenibacillus. These species were not applied
in the form of bio-inoculants, but they were native to the desert. This study indicates that
the indigenous desert microorganisms promoted plant health in desert agroecosystems,
paving the way for designing similar strategy to mitigate abiotic stresses.

Metagenomic analysis of grey mangrove (Avicennia marina) rhizosphere in
Northern Red sea revealed an interesting relationship between host and its associated
microbiome to alleviate salt stress (Alzubaidy et al. 2016). The grey mangrove is
known to absorb salt from its surrounding which is later deposited in roots and
rhizosphere. High-salt concentration in rhizosphere will select and multiply a special
group of bacteria which can alleviate this situation. The metagenomic analysis of
mangrove rhizosphere microbiome identified 11 pathways that are involved in osmolyte
utilization. Mirete et al. (2015) constructed metagenomic library from Arthrocnemum
macrostachyum rhizosphere grown in moderate salinity. The metagenomic DNA was
expressed in osmosensitive strain MKH13 of E. coli and screened for salt resistance.
Eleven genes that conferred salt resistance were identified, some of which encoding for



well-known proteins previously related to osmoadaptation such as a glycerol
transporter and a proton pump and some coded for novel genes. Yuan et al. (2016)
studied the functional capability of microbes associated with halo-tolerant seepweed
Suaeda salsa and then inoculated the identified core microbiome to non-host plant to
enhance salt tolerance. Pyrosequencing of S. salsa associated microbial metagenome
identified the core microbes and abundance of genes contributing to salt stress
acclimatization, nutrient solubilization and competitive root colonization. The tolerance
to salinity increased significantly in non-host plants, cucumber (Cucumis sativus) and
rice (Oryza sativa) upon inoculation of core microbial species to their rhizosphere.

9.8.3 Quality Improvement

We were unable to spot literature highlighting the importance of metagenomics on the
quality of products. There are some studies which explained the role of land
management and application of pure culture or consortia of isolated species on quality
of fruits. The quality of orange was improved by inoculation of Pseudomonas
fluorescence and Azospirillum brasilense to tree rhizosphere (Shamseldin et al. 2010).
Inoculation with P, fluorescence significantly improved fruit yield, fruit weight, fruit
length, TSS and juice volumes, while inoculation with strain A. brasilense increased
fruit size but did not significantly improved fruit quality.

Amarante et al. (2008) assessed the fruit quality of apple produced with
conventional and organic production systems using physical-chemical and organoleptic
properties. The apples grown organically had higher flesh firmness, higher soluble solid
content, higher density, a more yellowish skin background colour, lower titratable
acidity and higher percentage of blush in the fruit skin than fruit from the conventional
orchard. Despite differences in terms of physicochemical quality, the untrained sensory
panellists detected no differences in terms of taste, flavour and texture between organic
and conventional fruits. The apples grown organically had lower average weight, and
also there was higher incidence of disease which can significantly reduce yield, fruit
quality and market price. Another group studied and compared the spatial and
compositional variation of fungal communities in apple fruit grown organically and
inorganically using high through put sequencing of apple fruit metagenome (Abdelfattah
et al. 2016). Although, no significant diversity was observed, few taxa were exclusively
detected in organic apples. Also there was difference in relative abundance of several
taxa between organic and conventionally grown apple; Ascomycota were more
prevalent in samples obtained from organic apples, while Basidiomycota were more
abundant in samples from conventionally grown apples. The abundant taxa in organic
apple represented both known plant pathogens also potential antagonists. But they did
not analyze and correlate the observed fungal patterns with fruit quality.

Several authors have reported the role of endophytes in production and maintaining



quality of secondary metabolites and medicinally important drugs (Chen et al. 2016).
The best known example is production of anticancer compound taxol by endophytic
fungi Taxomyces andreanae isolated from Taxus brevifolia (Stierle et al. 1995). There
are reports of colonization and production of taxol by such fungi in other non-host
species like Seimatoantlerium tepuiense and Seimatoantlerium nepalense (Bashyal
1999). Thus, there are several reports of culturable endophytic microbes influencing
production and accumulation of medicinally important drug. Analysis on the interaction
of metagenome on quality enhancement is required.

9.9 Future Prospects and Applications

Although plant-associated microbes are one of the most important elements that have
significant influences on the growth and development of host plant, our knowledge about
the exact relationships between these microbes and their host plants is far from being
complete. The colonization and growth promotion activity of beneficial microbes is
expected to perform better when they are applied to the environment similar to that from
where they have been isolated (Herrmann and Lesueur 2013). Culture-independent
genomic analysis of rhizosphere and endosphere microbes will help in understanding
the plant-microbe interaction in true sense. In order to improve our crop management
practices, we need to understand the variability of beneficial microbes in different
environments. Based on the information generated through metagenomics of respective
niche, it might be possible to modulate the composition of root microbiome to improve
crop health and growth (Rascovan et al. 2016). In addition to microbes having
beneficial role in general, there are certain group of microbes whose potential can be
realized only when they interact with their respective host. Based on soil microbial
community analysis, we can plan and choose right type of crop to get desirable and
sustainable yield with fewer inputs.

The data obtained from culture-independent genomic analysis of plant-associated
microbes along with metadata will help in understanding the physiological requirement
of some unculturable species. This information could be used to design and develop
synthetic media and growth conditions to culture the yet uncultured species. Tyson et al.
(2005) successfully applied the metagenomic sequence data to culture previously
unculturable species Leptospirillum ferrodiazotrophum. Further, this information can
also be used to design synthetic microbial consortia (SMC). This SMC can be prepared
targeting a specific objective and applied for specific purpose like biotic or abiotic
stress tolerance (Qin et al. 2016). The benefits of microbiome inhabiting in a particular
host (endophyte) can be transferred to a non-host plant by co-culturing the callus in
tissue culture media. Up to 2.5-fold increased biomass production was observed in
Sporobolus cryptandrus grass when its seedlings were cultured along with endophyte
contained calli of Atriplex canescens (Lucero et al. 2008).



A large number of novel compounds and secondary metabolites produced by
rhizosphere and endorhizosphere microbes posses antibacterial or antifungal properties
which can be employed directly in crop improvement. A near-future application may
consider the use of genetically engineered rhizosphere and endophytic microbes with
biological control potential in agricultural crops. The endophytes Herbaspirillum
seropedicae and Clavibacter xyli have been genetically modified to produce and
excrete the d-endotoxin of Bacillus thuringensis to control insect pests (Downing et al.
2000). Streptomyces spp. was genetically modified to introduce enhanced green
fluorescent protein marker and resistance to apramycin to track the colonization process
(Bonaldi et al., 2015). The transformed strain was able to colonize soil, developing
roots and rhizosphere. The re-isolation of modified strain from the rhizosphere and the
inner tissues of surface-sterilized lettuce roots demonstrated that it is both rhizospheric
and endophytic. The transformed strain also inhibited the soil-borne pathogen
Sclerotinia sclerotiorum under in vitro.

The phenotypic appearance and physiological performance of both host plant and its
associated microbes are interconnected with each other. This interaction plays a major
role in performance and fitness of both the host and its associated microbes. With this
understanding, the plant microbiome should be recognized as an additional factor for
breeding strategies in near future. The quality of production (fruits and medicinal
compounds) is known to be influenced by the plant-associated microbiome to some
extent. Understanding and exploiting such relationships will facilitate the ideal
production of better drugs and fruits in future by manipulating the growth conditions to
aid the growth of those specific microbes to improve the quality of produce (Firakova et
al. 2007). In addition, these compounds can induce the production of a plethora of
known and novel biologically active secondary metabolites (Rodriguez et al. 2009) that
can be exploited to produce novel drugs to cure diseases.

Several authors have reported that the plants are alternate host for human pathogens.
They have ability to attack, infect, colonize, persist, multiply and survive on plants or
inside the plants. The ability of these pathogens to survive for prolonged periods on
fruits and vegetables has been described by Natvig et al. (2002). An enteric pathogenic
strain Salmonella enterica have been isolated from barley roots (Kutter et al. 2006).
Campylobacter jejuni was isolated from radish roots and the spinach rhizosphere. This
enteric pathogen also persisted in the rhizosphere of spinach for prolonged periods of
time at 16 °C (Brandl et al., 2004). The reports about the outbreak of human disease
caused by these contaminated human pathogens are continuously rising (Behravesh et
al., 2012). We may in near future need to think before advising the application of farm
waste, especially human waste as a source of organic nutrients to crop plants. Or at
least we need to advice the precocious application of these inputs as we are suggesting
today for chemically derived nutrients.
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Abstract

The phyllosphere is a type of an ecosystem having economical and ecological values
and comprises of several microbial population that are present on the aerial parts of the
plant. It is a vibrant environment where inhabitant microorganisms have the ability to
change in humidity, temperature and heat during the whole day and night. The interaction
between the microorganisms in the phyllosphere influences the growth of plants in
natural habitat, the productivity of agricultural crops and the protective of horticultural
produce for human consumption. Phyllosphere microbial community will help us to
understand a deep knowledge of the phyllosphere microorganisms. The focus of this
chapter will be (1) diversity study of phyllosphere microbial community; (2)
mechanisms of phyllosphere microbe colonization; (3) understanding of the leaf
structure, environmental and ecological parameters for growth and survival colonists;
(4) understanding of the influences of biotic and abiotic factors on phyllospheric
microbiome; (5) adaptations of microorganisms for establishment in the habitat of
phyllosphere; and (6) significance of plant genotypic control of phyllosphere
communities and its role in plant protection and plant growth. Futhermore, theinsights
study of phyllosphere microbiota; structure, function and valuable challenges for future
research.

Keywords Phyllosphere — Microbiome — Plant genotype — Biotic and abiotic factors —
Host-microbe associations
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Abbreviations
ARDRA Amplified ribosomal DNA restriction analysis

EPS Extracellular polymeric substances

144 Indole-3-acetic acid

PCR Polymerase chain reaction

PMC Phyllosphere microbial communities

rDNA Ribosomal DNA

ROS Reactive oxygen species

RT-PCR Reverse transcription polymerase chain reaction
VOC Volatile organic compound

10.1 Introduction

Phyllosphere microbiota comprises of interaction and the relationship between
microorganisms, plants and the environment. Plant pathologists and microbiologists
have observed the habitat of microorganisms in the aerial part of the plant and called it
the phyllosphere, in the 1950s, as few microorganisms improved plant performance
while some microorganisms act as pathogens, threatening plant health (Corinn Vacher et
al. 2016). The phyllosphere consists of the aerial portions of the plant, the set of
photosynthetic leaves that are most common habitats for microorganisms on earth. The
phyllosphere consists of different plant parts like the leaves (phylloplane), stem
(caulosphere), flowers (anthosphere) and fruits (carposphere), and the presence and
composition of the microorganisms in all the parts are significantly different (Junker et
al. 2011). The leaf surface of the plant is colonized by microbes like fungi and bacteria
from seed, soil, air and water through animal sources (Vorholt 2012).The phyllosphere
harbours hundreds of microorganisms which have either beneficial or deleterious
effects on the plants (Penuelas et al. 2014).The universal surface area of phyllosphere

has been calculated approximately 10° km?, and the presence of bacterial population is

approximately 1026 cells. The total fungal population estimation of the phyllosphere is
estimated to be lower (Lindow et al. 2003). Among all the cellular organisms, bacteria
are estimated as the most abundant participant of phyllospheric community with cell

density of 10% cells/cm? of leaf surface (Leveau et al. 2006). The distribution and
multiplication of microorganisms are irregular and uneven on phyllosphere due to
abiotic and biotic factors and physiological and anatomical behaviour of plant leaf
(Remus-Emsermann et al. 2012). Phyllospheric microbiota have an ability to influence
and alter both the structure and biochemistry of the plant like leaf functional characters,
affect plant growth and affect ecosystem like water and nutrient cycling. Besides these,



phyllospheric microorganisms also actively participate in secreting bioactive
compounds called secondary metabolites like polyphenols, terpenoids, alkaloids and
organic volatile compounds from the plant due to its locations, inside the leaf tissue or
between plant surface and the atmosphere. (Bringel and Couee 2015). The association
between the microorganisms and the phyllosphere is temporary due to harsh
environmental conditions, and those who resist on phyllosphere are called as “true”
occupants which persist, multiply and grow on phyllosphere. Quantitatively the
phyllosphere microbiota vary at different developmental and genotypic stages of the
plant (Penuelas et al. 2012). Unlike rhizosphere, phyllosphere microorganisms can
influence neighbouring environmental ecosystem, and their continued existence is
regulated by the plant itself (Barcel et al. 2012). Understanding the mechanism involves
microorganisms, plants and the environment for phyllosphere microbiota (Fig. 10.1).
This chapter will discuss interaction between the phyllosphere and microorganisms
with their structures, functions and mechanisms and applications with important
challenges for future research.
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Fig. 10.1 Different roles of phyllosphere microbiodata

10.2 Diversity and Structure of Phyllosphere Microbiota

The microbial phyllosphere is characteristically regarded by 16S and 18S ribosomal
RNA (rRNA) gene for bacteria and fungi. The high level of variation in sequences
either within the region or in combinations of regions provides taxonomic resolutions
that are often comparable with that achieved using whole rRNA gene sequences
(Maughan et al. 2012). Earlier the culture-dependent techniques were used (Kuklinsky-
Sobral et al. 2004), but currently the advanced molecular tools are being used to
improve the technology like polymerase chain reaction (PCR), reverse transcription
polymerase chain reaction (RT-PCR), primer designing for amplification of
hypervariable regions and amplicon pyrosequencing for amplification of only microbial
DNA and analyse the composition of microbial phyllospheric populations (Bulgarelli et



al. 2012; Kimet al. 2012).This advancement has opened the door to explore further
research for leaf-associate microorganisms like epiphytes and endophytes, by culture-
independent methods. Epiphytic microorganisms that display enzyme indicators which
were reported in the phyllosphere of tobacco signify that signalling routes may be
participating in framing epiphytic microbial communities. The epiphytes also produce
exopolysaccharides for adhesion or protection from desiccation (Monier and Lindow
2004) and secrete phytohormones, which enable nutrient secretion from plant tissue and
as a result help in relaxation of plant cell wall (Vorholt 2012), while the endophytic
microorganism resides within the specific chemical environment of host plant tissue like
the leaf, stem, root, etc. and adapt to plant physiology in order to produce plant
secondary metabolites (Becon and White 2000). The culture-independent molecular
techniques proved the phyllosphere 1s a composite community of microbes. Bacterial
communities at the phylum level, across a large array of farming crops (Fig.10.2) like
rice, wheat, lettuce, apple, spinach and naturally occurring trees/plants, are composed
of Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria (Bulgarelli et al.
2013). The study of population composition at the genus level recommends that
Methylobacterium, Pantoea, Sphingomonas, Pseudomonas, Bacillus Massilia and
Arthrobacter steadily occurred as a part of the phyllosphere microbiota through varied
types of plant species. There are examples of phyllosphere studies with molecular
methods where spatial and temporal discrepancy in microbial population and the other
aspects that come this difference show in Table 10.1.

Host plant species Plant parts Environmental parameter| Host plant coordinate system
* Arabidopsis * Leaves * Temperature * Leaf development
Grapevine + Topleaves Wind = Leaf cuticle structure
Oak * Bottom Light Flower development

- & & @
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Rice leaves Carbon dioxide * Phylogenetic relationship
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Fig. 10.2 Phyllosphere microbiota biodiversity, metabolism and environmental plhability (Modified and adapted from
Bringel and Couee 2015)

Table 10.1 Molecular approaches to study the phyllosphere communities (Rastogi et al. 2013)



Mole cular Plant Major findings Reference
approach
16S rRNA gene Grape On the surface of leaves and berries from the same grapevine with | Leveau
pyrosequencing significantly different bacterial communities and Tech
(2011)
16S rRNA gene Spinach Proteobacteria and Firmicutes were the most commonly associated |Lopez-
pyrosequencing bacteria on field-grown spinach leaves. At genus level, communities | Velasco et
were largely composed of Pseudomonas al. (2011)
16S rRNA gene Lettuce Planting season and irrigation practices (sprinkler/drip) together William et
pyrosequencing explained majority of the variation in phyllosphere microbiota al. (2013)
composition.E. coli O157:H7 inoculation resulted in lower population
sizes and induced minor, but lasting changes in microbiota composition
16S rRNA gene Pine and | Tree species, not the location, is the major determinant of phyllosphere | Redford et
pyrosequencing other tree |bacteria community composition al. (2010)
16S rRNA gene Soyabean, |Unique metabolic adaptation contributes to the epiphytic fitness of Delmotte
pyrosequencing, clover, Sphingomonas and Methylobacterium et al
metaproteogenomics | Arabidopsis (2009)
Metaproteogenomics| Rice Phyllosphere communities were largely composed of Rhizobium, Knief et
Methylobacterium and Microbacterium. Several methylotrophic al. (2012)
enzymes were assigned to Methylobacterium, suggesting their role in
the carbon cycle
ITS pyrosequencing |Oak Urban and rural management practices affect fungal communities in
the oak phyllosphere
ITS pyrosequencing |Beech Fungal communities showed variation even at the smallest spatial scale| Cordier et
of individual leaf surfaces. Plant genotype was identified as a major  |al. (2012)
driver of the fungal community composition
ITS pyrosequencing |Balsam Plant species was found as the major determinant of fungal
poplar community composition

10.3 Process of Colonization, Recognization and Adhesion in
the Phyllosphere

The cell and the spores of microorganisms occupying the surface of the leaf first interact
with a cuticle, an exogenous and a hydrophobic waxy layer which defends the plant
against dryness and other stresses. The formation of long-chain fatty acids with sterols
and terpenoids shows 15% of leaf dry weight (Eglinton and Hamilton 1967). The
architecture and composition may vary among plant species and environmental
conditions. The shiny or crystal appearance of the leaf, resulting in a dull, powdery
bloom form, 1s due to epicuticular waxes (Yeats and Rose 2013). Some microbial
communities on the phyllosphere are either affected by the wax phenotype positively or
negatively or not affected like the permanent residents of microorganisms like
Pseudomonadaceae, Methylobacteriaceae, Flexibacteriaceae, Flavobacteriaceae,
Sphingomonadaceae, Rhizobiaceae, Enterobacteriaceae, etc. The phyllosphere




microbiota affected the genetic determinants of cuticle formation (Bodenhausen et al.
2014). It revealed that cuticular wax properties played a specific role for adapted
microbial communities.

The endophytic and epiphytic microorganisms of the phyllosphere cross the cuticle
as well as participate in the abundance of ozone in the environment (Nakamiya et al.
2009, Nadalig et al. 2014). The Arthrobacter genus from the phylum Actinobacteria is
able to degrade various organic molecules and remain in the phyllosphere. The other
species of Arthrobacter degrade pesticides like glyphosate, phenylurea herbicides,
malathion and aromatic hydrocarbon like phenol, s-triazines, phenanthrene and
chlorophenols (Scheublin and Laveau 2013).Phyllospheric microbiome also degrades
organic and aromatic molecules, participates in controlling the atmospheric pollution in
industrial and urban areas and also shows significant role in sustainable agricultural
environments by atmospheric drift of phytosanitary product. Hence, the epiphytic and
endophytic microorganisms can also be envisaged for the beneficial effect on plants and
could be used as probiotic agents (Bercel 2012). Adhesion plays role to conflict from
separation raindrops or by rainfall and is a condition for the EPS formation comprising
of mucus that gives defence from dryness. Adhesion is effective for leaf expansion and
epiphytic colonization. Epiphytic microorganisms can have the capability for aggregate
formation and synthesized exopolysaccharide which can improve adhesion and
protection from desiccation (Monier and Lindow 2004) and also synthesize and secrete
plant hormones, like indole-3-acetic acid (IAA), which enable nutrient secretion from
plant tissues and help in relaxation of the plant cell wall. Although the understanding of
these adaptive mechanisms remains incomplete (Fig. 10.3).

* Commensal bacteria and < Antibiosis: plant protection
fungi + Bigactive, volatile compounds

+ Nitrogen Fixing and hormone secretion
symbionts <+ Plant growth by nitrogen

* Pathogenic microbes uptake

* Endophytic microbes

Fig. 10.3 Phyllosphere microbiodata association

10.4 Plant Microbe Interaction
10.4.1 Interaction Between Bacteria on Phyllosphere

Most of the bacteria on the leaf surface form large aggregates instead of small groups or
single cells. These aggregates are formed at junction of epidermal cells with veins and
base of trichomes which are bordered with extracellular polymeric substances. The



extracellular polymeric substances maintain moisture around the bacteria and
concentrate detoxifying enzymes (Lindow et al. 2003; Baldotto et al. 2008; Monier et al.
2004). The environment of host plant is altered by the bacteria which has been
associated with plant pathogenic bacteria, P syringae, which causes diseases in plants
related with their epiphytic population on leaves (Stromberg et al. 1999). The epiphytic
bacteria present on leaves of plant are swept up into the atmosphere. They have the
capability to form precipitation in the clouds by catalysing ice formation (Morris et al.
2014). Methylotrophic bacteria use methanol or methane as a carbon source and are
quite rich in the phyllosphere and useful for plant growth like the genus
Methylobacterium (Abanda-Nkpwatt et al. 2006).The phyllosphere diazotrophic
bacteria use atmospheric nitrogen as a source of nitrogen to assess their community
structure (Furnkranz et al. 2008). With drought conditions, the nitrogen-fixing bacteria
have been raised, suggesting that their involvement may extend the ability of the plant to
acclimatize in the environment. The capability of P. syringae, a plant pathogenic
bacteria, causes disease strongly linked with their epiphytic population size on
phyllosphere and may be the subsection of the community that is without symptoms on
plant leaves and hence in more close interaction with plant cells (Beattie et al. 1999).

10.4.2 Interaction with Fungi

Filamentous fungi and yeast are massively colonized on the phyllosphere. The density of

yeast is 500 cells/cm?, but it varies from plant to plant species and within the plant
(Inacio et al. 2010). Some fungi present in the phyllosphere and act as a biological
control due to its ability to outcompete pathogenic microorganisms like Aureobasidium
pullulans (Cordier et al. 2012). Some fungal pathogens like Erysiphe, Blumeria and
Podosphaera elongated their mycelium on the leaf surface, all pervading the cuticle
then rupturing the cell wall with particular structure called as appressoria. Once
infected, the mycelia grow superficially, covering grey or white coat on the leaves
(Glawe 2008). Within the leaf tissue, the endophytic fungal species develop without
causing noticeable symptoms, transferred from one adult plant to the next plant, and
develop an epiphytic stage before entering into the leaf tissues. (Rodriguez et al. 2009).
Some of the endophytic fungi are latent pathogens, for example, palm tree Iriartea
deltoidea, which produces reactive oxygen species (ROS) by Diplodia mutila, an
endophytic fungus, and alters it to a pathogen, which confines plantlet persistence to
shaded areas (Alverez-Loayza et al. 2011). Some fungi defend the plant from stresses,
including herbivores, pathogens and drought. Some fungi are involved in the
decomposition of cellulose in senescent leaves and young litter which are then replaced
with new colonizers with a higher capacity to decompose lignin that belongs to the
higher fungi Basidiomycota. The fungi present in riparian ecosystem are termed as
aquatic hyphomycetes and play a key role in the functioning of aquatic food webs, as its



action enhances the palatability of leaves to invertebrates (Barlocher 2016). In more
than 50 plant species, the aquatic hyphomycetes have been found in the phyllosphere
(Chauvet et al. 2016). Fungal communities of phyllosphere play a significant role in
nutrient cycling and in the functional coupling of aquatic and terrestrial ecosystems.
Henceforth, to recognize the procedures of shaping these communities and evaluating
their effect to global change is significant.

10.5 Study of the Microbial Community on Leaf

The leaf surface area is a hostile atmosphere for the microbes. The surface of the leafis
affected by relative humidity, sunlight, fluctuating temperature and occurrence and
nonoccurrence moisture due to dew and raindrops. On the leaf surface, sometimes
microscopic water films occur due to condensation of water vapour which enters into
the stomata (Burkhardt and Hunsche 2013). Leaf surfaces are multifaceted
microenvironments which show two-dimensional and three-dimensional diverse
structures. The dorsal and ventral sides of the leaf surface (Eglinton and Hamilton 1967,
Schreiber et al. 2004; Reisberg et al. 2013) are affected by the microbes which live on
plant surfaces and the access to nutrients from leaf tissues called as epiphytic
microorganism (Bulgarelli et al. 2013), by imparting less or more defence from sunlight
(Atamna-Ismaeel et al. 2012) or by showing permission for diffusing in the endosphere
of plant (Hirano and Upper 2000; Schreiber et al. 2004). Inside and outside, the live
conditions of the leaves are produced by the fluxes of CO,, O, and water vapour

resulting from photosynthesis, respiration and evapotranspiration. Many parameters
affect the habitat of microbes accomplished by microorganisms on leaves; first, a very
thin laminar layer around the leaf, where stomata emitted moisture, can be concealed,
thus diminishing the stress of water where epiphytes are revealed. And also, some of the
bacteria invade inside the leaf instead of the exposed outside leaf, and to escape the
stresses outside of the leaf, they inhabit in sub-stomatal cells or other inner locations
(Lindow and Brandl 2003). Many species from the angiosperm group showed the
dissimilar structure of leaf both on ventral and the dorsal sides. The ventral side of the
leaf consists of a thick cuticle, epidermal cells inside which are tightly occupied sheet
of palisade mesophyll cells helpful in optimizing radiance. The transpiration rate and
exchange of gases 1s controlled by the dorsal side part of the leaf which comprise of an
epidermal layer with many stomata, beneath which are spongy mesophyll cells loosely
arranged (Vacher et al. 2016). The stomata 1s the site of entry for microorganisms to the
inner leaf tissue. Once it enters, it will assemble the interspace between the cells of the
spongy mesophyll. As a result, they get nearer to the smaller veins of the leaf where
sieve element of the phloem uploads the sugars (Rennie and Turgeon 2009). Plant
photoassimilates glucose, fructose and sucrose which are present on leaf surfaces, but
fluctuation of day or night alters the changes in the plant metabolite synthesis, which



also affects the nutrient availability and growth of epiphytic microorganisms. Among all
the metabolites of plant, carbohydrate is the most functional under stress conditions like
abiotic and biotic (Trouvelot et al. 2014). Some of the plant metabolites are not directly
and freely accessible for epiphytic microorganisms like amino acids, soluble sugars,
amines, polyols, VOCs such as isoprenoids, halogenated compounds or alcohols, also
salts and plant water. The waxy and lipidic cuticles protect the plant leaf surface which
bound metabolite fluxes and water; hence the biochemical exchanges are dependent on
different gateways like exudation, leaching, excretion, guttation, infiltration and
wounding. All these properties belong to the oligotrophic habitat with limitations in
nitrogen and carbon sources. The presence of nutrient containing carbon on the leaves is
a main factor of epiphytic colonization. On a well-fertilized plant, the bacterial
communities are restricted by nitrogen and carbon accessibility.

10.6 Influence of Biotic and Abiotic Factors on Phyllospheric

Microbiome

The microbiome of leaf is affected by stresses like abiotic and biotic factors in
determining microbiota composition and dynamics. Phyllospheric microbiome is
affected by biological and environmental factors like host genotype, plant development,
climate, geographical location and seasonal changes. The phyllosphere is an unlock
structure where microbes can penetrate plant leaves by immigration from the other
plants, soil, atmosphere, animals and insects. The composition of the phyllosphere
microbiome 1s mainly dependent on the host genotype (de Oliveira Costa et al. 2012;
Kimet al. 2012), while the composition of the community is influenced by the
geographic location (Rastogi et al. 2012). Some perennial plant communities alter
noticeably from 1 year to the next year and have more seasonal changeability, while
some perennial plants have season-dependent communities that are more alike from year
to year (Jackson and Denney 2010). From the soil-grown plants, phyllosphere
communities show similar characteristics to soil communities (Perazzolli et al. 2014)
whereas media-grown, sterile plantlets have shown same properties with airborne
communities. Birth-, migration- and death-like demographic aspects of the plant can
show an important function for the growth of microbes (Vorholt 2012). Overall the plant
phyllosphere 1s very complex and affected by biological and environmental factors on
the composition of the population which remains indistinct when all these factors are
measured simultaneously. In natural environment, the phyllosphere microbes of seasonal
farming plants are mainly affected by temporal population growth, whereas host
genotype and spatial division may imitate the exact preference for study of species and
the nearby geographic distances between the replicate areas. At the beginning of the
summer season, communities’ samples strongly resembled the soil population, and, as



the season proceeds, the phyllosphere microbiome developed progressively discrete
and little wide. Therefore, due to this deviation in population structure, species that is
significantly used as biocontrol agents in the beginning of summer season may not be
efficient in the end of the summer. To realize that the natural progression in the
population is controlled, the development of the microbiome which is useful in
biocontrolling farming plantlets will need awareness about population size and shape
changes in the continuation of the progressive season (Copeland et al. 2015).

10.7 Establishment of Phyllosphere Habitat by Microbial

Adaptations

Adaptation is the ability of the phyllosphere microbiota to withstand stress conditions
such as deficient supply of nutrients, production of bioactive compounds like antifungal
and antibacterial secondary metabolites and seasonal environmental conditions (Vorholt
2012). Phyllosphere microbiota can be expected to have common strategies to survive
these stresses, in addition to species-specific strategies. During photosynthesis, the
phyllosphere 1s exposed to oxygen and the light during daytime. The microbial
colonizers prone to reactive oxygen species damage the protein, lipid and nucleic acid.
Photolyases, DNA repair caused by ultraviolet light and the production of pigments are
being used as protection mechanisms by microbial epiphytic fitness. Catalases and
superoxide dismutase enzymes play an active role in reactive oxygen species (ROS)
detoxifications (Vorholt 2012). The common environmental factor in phyllosphere is
dryness. The secretion of bioactive compounds from microbial masses is helpful to
overcome the dryness. Exopolysaccharides are produced by the aggregates, which
maintained moisture surrounding the bacteria, and participate in epiphytic fitness. Some
phyllosphere bacteria secreted the biosurfactants that increase wettability. To overcome
the osmotic stress, the epiphytes like Pseudomonas spp. and others can defend
themselves from the osmotic stress by secreting trehalose or choline or importing plant-
derived osmoprotectants or de novo synthesis. Plants have the unique property to
produce bioactive compounds which sometimes are antimicrobial in nature and produce
antibiotics; hence plant adapted themselves from these pathogenic microorganisms, for
example, P syringae, a plant pathogen which is important for evasion of the inhabitant
immune reaction and plant reproduction (Stoitsova et al. 2008).

10.8 Impact of Phyllospheric Microorganisms on Plant
Growth and Plant Protection

Leaf-associated microorganisms are well known for symbiosis and mutualism
relationship with host plant that can influence host plant growth and function, like the



production of hormones and growth-promoting nutrients, and also prevent the hosts from
infection from disease-producing agents (Innerebner et al. 2011). Under different
environmental conditions, phyllosphere microbes have the capability to effect on plant
ecosystem and biogeography contribution which effect on plant activities (Fiirnkranz et
al. 2008), but the discrepancy of bacterial biodiversity in the phyllosphere of the host
plants is not well understood. Phyllosphere microbes secrete plant growth regulators,
volatile and non-volatile compounds, which may influence the plant growth,
morphogenesis and plant immunity. Also they act as phytostimulators, biofertilizers and
biopesticides to protect against invading pathogens and for plant growth, development
and health. Sometimes plant defence chemicals are degraded by plant foliage-associated
bacteria which minimize defence against insect defoliators (Mason et al. 2014). On
plant surfaces, the genera Enterobacter, Pseudomonas, and Stenotrophomonas of
bacterial symbionts, secreted by the Colorado potato beetle larvae, suppress the anti-
herbivore defences and enhance the microbial defence in tomato plant (Chung et al.
2013). The interaction between herbivore masticate insect and its single host plant,
Cardamine cordifolia, experimental showed that some bacterial strains showed
difference on the way of ecologically impacted insect herbivores while some bacterial
strain, for example, Pseudomonas species, helped host choice by herbivores
(Humphrey et al. 2014). Phyllospheric microbiome lives in a sunlight-exposed habitat.
The energy formed by photochemical conversion of the sunlight that can organic sources
from the host plant could be a beneficial for development in an inadequate amount of
nutrient. Study of metagenomic information has showed that in phyllospheric
communities, the existence of bacterial rhodopsin genes is there (Bringel and Couee
2015). Retinal-dependent rhodopsin proton pumps which are found in some epiphytic
microorganisms stimulated by the wavelength different from the carotenoids and
chlorophyll absorption spectra, which participate in photosynthetic processes and
production of the plant sugar sources, are finally accessible to epiphytic
microorganisms (Atamna-Ismaeel et al. 2012). The light-dependent processes are
affected by nitrogen and carbon sources in nutrient regulation and signalling (Moran and
Miller 2007). The biosynthetic pathway for the production of plant bioactive molecules
in epiphytic bacteria can be affected by the nitrogen and carbon sources and the changes
in plant-light interactions and photoassimilate production in the host plant (Sulmon et al.
2011). Manching et al. (2014) have recently discussed universal association between
leaf epiphytic bacterial species and plant nitrogen balance in maize crop.

10.9 Phyllospheric Plant-Microorganism—Atmosphere

Interactions: Physiological, Ecological and Molecular Studies
The role of physiological, ecological and molecular studies of microbial communities



on both sides of the leaves, inside and outside, is likely to affect plant growth and its
metabolisms (Lindow et al. 2003; Rastogi et al. 2013), which influence the ecosystem
and environmental efficiency eventually. In the phyllosphere, the nitrogen fixation is the
key process where nitrogen is added in tropical humid ecosystems (Abril et al. 2005).
The tropical rainforest plants, where the formation of phyllospheric populations of
nitrogen-fixing microorganisms has been observed but temperate-forest ecosystems
have also been observed for the presence of nitrogen-fixing microorganisms, their
abundance and diversity vary depending on the availability of water (Pennuelas et al.
2012). Development of plant can also be affected by the foliar microorganisms as they
are involved in the production of growth hormones. The external and internal
microbiotas can have many other roles, like the indirect defence against pathogens, by
the interaction of foliar plant pathogen and commensal bacteria (Vorholt 2012), or
secretion and production of different types and quantities of bioactive compounds and
emissions of organic volatile compounds (Bulgarelli et al. 2013). Speciation, dispersal,
drift and selection are the four processes which shaped the ecological communities.
Diversity of the microorganisms that occurs on the leaf surface of plant comes under
dispersal and evolutionary diversification. External selection supports those microbes
which are mainly adapted to the common situtations like leaf morphology, chemistry and
microclimate. The selected microbes then grow and reproduce. The biotic interaction
where internal selection is done, like parasitism and competition, controls the shape and
structure of the microbial population. Stochastic modification in the population structure
is done by drift. The shape and the overall structure of the microbial population are
influenced by plant type and structure, the environmental conditions and the population
itself. Molecular studies are the best tool, which help to get information about diversity,
species richness and analysis of microbial community (Brusseau et al. 1994). Microbial
diversity analysis is done by the widely used technique amplified ribosomal DNA
restriction analysis (ARDRA), and it is significant to discriminate the species level of
the microbes. This technique requires amplification of the 16S and 18S ribosomal DNA
(rDNA) region proceeded by restriction enzyme digestion (Heyndrickx et al. 1996).
Species richness, occurrence, community structure and diversity in the phyllosphere of
the tropical plants are studied by full-length sequencing detail of 16S rDNA, differential
carbon-substrate consumption pattern and ARDRA. For example, Methylobacterium
are classified taxonomically on the basis of 16S rRNA gene sequence data (Tsuji et al.
1990), and the carbon-substrate utilization study of all the species of Methylobacterium
are well deliberated (Jourand et al. 2004).

10.10 Current Progress and Future Challenge

Microbiological study of phyllosphere is a promising research field at the early stages.
The phyllosphere is a best part of the plant to get the basic knowledge of plant structure,



growth functioning and environmentalism, especially to perform experiment and visual
inspection, and these studies are helpful to have an impact on different aspects of plant
like morphological and anatomical condition and physiological process where
atmospheric gases participated in phyllosphere functioning. New technologies such as
proteogenomics and metaproteogenomics and next-generation sequencing used for
community profiling are novel platforms to get knowledge of the shape of microbial
population and to explore new objectives for theory of research, escorted by revealing
new protein function that is significant for growth, development and survival in the
phyllosphere. But still more knowledge is required to know about phyllosphere
microorganisms and their interaction in situ and other complementary approaches.
Future studies and research work require to explore these dynamic and complex
interaction approaches and evaluate their role in the growth of plant and physiology of
phyllosphere microorganisms. Ecosystem functioning, the diversity of phyllosphere
microbial communities (PMCs) and plant performance have to be deliberated. Hence,
the next research needs to understand and identify the correct community parameters of
PMCs, ecosystem functions and plant performance. The link between the evolution of
PMCs, the dynamics and adaptation mechanism in plants to changing environmental
conditions requires further understanding. The effect of environmental change conditions
on the plant fitness and diversification of PMCs requires to be explored.
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