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Foreword

Microbes are ubiquitous and occur in a great variety of normal and extreme, and
natural and man-made environments on the Earth. The existence and continuance of
other organisms in various ecosystems may not be possible without the activities of
these tiny microbes. With approximately 1% culturable microbial diversity known
till date, understanding the remaining 99% in different ecosystems is wide open to
investigation.

Although the significance of culture-dependent approach is remarkable due to its
invaluable contribution and reliability, the large figure of uncultured, and thus,
untouched microbes cannot be ignored. Since the introduction of the concept of
direct cloning of community DNA in 1985 by Norman Pace, metagenomic
approaches applied in a variety of natural habitats have led to understanding the
diversity of uncultured microbes, and discovery and characterization of novel genes
and gene products.

The application of fossil fuel based inputs such as chemical fertilizers, pesti-
cides, herbicides and others has resulted in increased production. This has, however,
led to growing awareness and concern over their adverse effects on soil productivity
and environmental quality. The high cost of chemical fertilizers and pesticides,
increasing gap between supply and demand and adverse effect on the environment
has encouraged scientists to develop alternate strategies for enhancing productivity.
An approach in this direction is utilizing soil microbes as bioinoculants for supply-
ing nutrients and/or stimulating plant growth. Some of the rhizospheric microbes
are known to synthesize plant growth promoting substances, siderophores and anti-
biotics, and aid in enhancing the availability of phosphorus. The global research
efforts have enabled us to understand some of the difficult problems related to
microbial sources by using powerful tools of microbial genetics, molecular biology
and biotechnology.

Large quantities of over 100 industrial products such as ethanol and butanol,
organic acids, amino acids and others are produced annually. Although a number of
these compounds are produced from petrochemicals, all are obtainable by microbial
fermentations. Any shift in future towards greater productivity by a biomass-based
chemical industry will depend strictly on economics rather than feasibility.



vi Foreword

The book includes a collection of reviews on various aspects of sustainable agri-
culture and biotechnology. Elegant attempts have been made to summarize the
developments achieved till date and problems and prospects with further sugges-
tions for future course of action. I believe that the book would provide an overview
of developments in sustainable agriculture and biotechnology with some new ideas,
which could serve as inspiration and challenge for researchers in the field.

S. Ayyappan

Secretary and Director General

Department of Agricultural Research & Education
and

Indian Council of Agricultural Research

Ministry of Agriculture, Krishi Bhavan, New Delhi



Preface

The culture-dependent approach has contributed significantly towards understand-
ing the role of microorganisms in the environment and production of a wide variety
of products in the welfare of mankind. Approximately 1% of the extant microbial
diversity is culturable, and therefore, most of the knowledge of microbes and their
applications has originated from this very small fraction of the microbial diversity
in different ecosystems. In order to access the large figure of unculturable, and thus,
untouched microbes, metagenomic approaches have now been used quite exten-
sively for understanding microbial diversity and exploitation of useful genes for
novel metabolic products.

Microorganisms have served the mankind in solving intractable problems
through their biosynthetic capabilities in medical technology, human and animal
health, food processing, food safety and quality, genetic engineering, environmental
protection, agricultural biotechnology and more effective treatment of agriculture,
and municipal and industrial waste treatment, which provide a most impressive
record of achievements. Most of these technological advancements would not have
been possible using conventional straightforward chemical and physical engineering
methods, or if they were, they would not have been practically or economically
feasible and could have caused considerable environmental degradation.

For many years, soil microbiologists and microbial ecologists have differentiated
soil microbes as beneficial, harmful or neutral according to their function, and how
they affect soil quality, plant growth and yield, and plant health. Beneficial micro-
organisms are those that can fix atmospheric nitrogen, decomposes organic waste and
residue, detoxify pesticides, suppress plant diseases and soil-borne pathogens, enhance
nutrient cycling and produce bioactive compounds such as vitamins, hormones and
enzymes that stimulate plant growth. Harmful microorganisms are those that can
induce plant disease, stimulate soil borne pathogens, immobilize nutrients and pro-
duce toxic and putrescent substances that adversely affect plant growth and health.
Beneficial naturally occurring microorganisms can be utilized as inoculants to increase
their population in soil, and thus utilize them in sustainable agricultural systems.

The conceptual designs are important in developing new technologies for utiliz-
ing beneficial and effective microorganisms for a more sustainable agriculture and

vii
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production of useful bioactive compounds. An idealized system based on this should
maintain and improve human health, be economically beneficial to both producers
and consumers, actively protect the environment, be self contained and regenerative
and produce enough food for ever increasing world population on a long term and
sustainable basis.

This book is aimed at reviewing the recent developments in understanding the
role of microorganisms in sustainable agriculture and biotechnology. Towards this
end, we have requested scientists who have expertise in different areas of agricul-
ture and industrial microbiology and/or biotechnology to review the progress made
in these areas till date. We wish to place on record our heartfelt thanks to all the
contributors of the book. We thank Mr. Ankit Kumar for support with the background
work. We wish to also express our thanks to Springer for publishing the book.

T. Satyanarayana
B.N. Johri

Anil Prakash
(Editors)



Contents

Part I Microbes in Sustainable Agriculture

1

Plant Growth Promotion by Phytases and Phytase-Producing

Microbes due to Amelioration in Phosphorus Availability ..............

Bijender Singh and T. Satyanarayana

Environmental and Nutritional Benefits of Biopreservation

of Animal Feed ..........c.c..ooooioimiiiiii e

Matilda Olstorpe and Volkmar Passoth
Pivotal Role of Organic Acid Secretion by Rhizobacteria

in Plant Growth Promotion.......................cooooiiiiiiiiiiiiiii e,

G. Archana, A. Buch, and G. Naresh Kumar

Organic Farming: For Sustainable Production

and Environmental Protection.......................cccooevviiiiiiiiiiecicn.

M.N. Sreenivasa

Utilization of Psychrotolerant Phosphate Solubilizing
Fungi Under Low Temperature Conditions

of the Mountain Ecosystem..............c.coccoeviiniiniinniiiiiienienieeieeene

K. Rinu, Anita Pandey, and Lok Man S. Palni

Antimicrobial Lipopeptides of Bacillus: Natural

Weapons for Biocontrol of Plant Pathogens................c.cccoccoeninn.

Ankit Kumar and B.N. Johri

Frankia and Actinorhizal Symbiosis ................cccocoevenieiiiieiinien,

Arnab Sen and Arvind K. Misra

Microbes in Agrowaste Management

for Sustainable Agriculture..................cccoooeeiieiienieiiie e

Surender Singh, Balkar Singh, Brijesh Kumar Mishra,
Alok Kumar Pandey, and Lata Nain

ix



10

11

12

13

Contents

Genetic and Antigenic Diversity of Ruminant Pestiviruses:
Implications for Diagnosis and Control...................cccccocecininninnne.
Niranjan Mishra

Cyanobacteria-PGPR Interactions for Effective

Nutrient and Pest Management Strategies in Agriculture..................
Radha Prasanna, Anuj Rana, Vidhi Chaudhary, Monica Joshi,

and Lata Nain

Regulation of Antibiotics Production in Biocontrol

Strains of PSeudomonas SPP. ..........c.cccovcveeveeceeeeeeesieieieeieee e
Sheela Srivastava, Vidusha Sinha, A. Vaishnavi, Tanvee Kunwar,

and Reena Sandhya Tigga

Exploiting Plant Growth Promoting Rhizomicroorganisms

for Enhanced Crop Productivity ............cccccooceiiiiniiiniiiieieieeeee,
Suseelendra Desai, Minakshi Grover, E. Leo Daniel Amalraj,

G. Praveen Kumar, and S.K. Mir Hassan Ahmed

Tripartite Association Among Plant, Arbuscular
Mycorrhizal Fungi and Bacteria ................coccoviniiiniiiniieeeee,
Shipra Singh and Anil Prakash

Part I Microbes in Biotechnology

14

15

16

17

18

19

Metagenomics: A Relief Road to Novel Microbial
Genes and GENOIMIES ............cccuveeiiiiiiiiiieieeeiieeeee e eeeree e eeeearee e e
Jyoti Vakhlu, Sheetal Ambardar, and B.N. Johri

Metagenomics of Saline Habitats with Respect
to Bacterial Phylogeny and Biocatalytic Potential ..............................
Megha K. Purohit and Satya P. Singh

Laccases: The Biocatalyst with Industrial
and Biotechnological Applications .............cc.ccooovieniiiiiiieniieneieeeee,
Shilpi Thakur, Hardik Patel, Shilpa Gupte, and Akshaya Gupte

Biotechnological Applications of Biocatalysts

from the Firmicutes Bacillus and Geobacillus Species ........................
T. Satyanarayana, Archana Sharma, Deepika Mehta,

Adarsh K. Puri, Vikash Kumar, M. Nisha, and Swati Joshi

Recent Trends in Valorization of Lignocellulose to Biofuel ................
Vishnu Menon and Mala Rao

Probiotic YEeasts ........cccovoiieiiiiiiiieeeeeteeetee e
Ashima Vohra and T. Satyanarayana

197



Contents

20 Biotechnological Approach to Caffeine Degradation:
Current Trends and Perspectives ..............cccccoovuievieniiienieniennieeieeeene
Swati Sucharita Dash and Sathyanarayana N. Gummadi

21 Arxula adeninivorans (Blastobotrys adeninivorans) — An Imperfect
Dimorphic Yeast of Biotechnological Potential ....................c.....c.......
Martin Giersberg, Kristina Florschiitz, Keith Baronian,
and Gotthard Kunze

22 The Thermostable and Multi-functional Enzymes
Catalyzing Carbohydrate Molecules Identified
from Thermophilic Archaea .................cccoooiiiiiiiiiine,
Yutaka Kawarabayasi

23 Structural Biology of the Ribonuclease
P in the Hyperthermophilic Archaeon Pyrococcus
horikoshii OT3 ........ccoccooiiiiiiiiiie et
Makoto Kimura and Yoshimitsu Kakuta

24 Biosynthesis of Pullulan and Its Applications in Food
and Pharmaceutical Industry ..............ccooooevniiiiiiniiiieceeee,
R.S. Singh and G.K. Saini

25 Halophilic Microorganisms as Sources of Novel Enzymes..................
Ram Karan, Sumit Kumar, Rajeshwari Sinha, and S.K. Khare

26 Sourcing the Fungal Endophytes: A Beneficial
Transaction of Biodiversity, Bioactive Natural
Products, Plant Protection and Nanotechnology .................c.ccc.c......
Ashish Mishra, Surendra K. Gond, Anuj Kumar,
Vijay K. Sharma, Satish K. Verma, and R.N. Kharwar

27 Fungi: A Potential Source of Anti-inflammatory Compounds...........
Sunil Kumar Deshmukh, Shilpa A. Verekar,
Giridharan Periyasamy, and B.N. Ganguli

28 Application of Microbial Toxins for Cancer Therapy.........................
Rama Shanker Verma, Sirisha Potala, Mrudula Mathew,
and Swati Choudhary

29 Application of Environmental DNA Resources to Create
Useful DNA Polymerases with Different Properties............................
Sonoko Ishino and Yoshizumi Ishino

30 Utilization of Tropical Fruits for Wine Production
with Special Emphasis on Mango (Mangifera indica L.) Wine...........
L.V.A. Reddy, V.K. Joshi and O.V.S. Reddy

31 Biosystem Development for Microbial Enhanced
Oil Recovery (MEOR) .......cccooiiiiiiiiiiieeee e
Anuradha S. Nerurkar, Harish G. Suthar, and Anjana J. Desai

xi



Xii Contents

32 Bacterial Small RNAs (sSRNAs) and Carbon
Catabolite Repression...............coccoeviiiiieiiiieiieiiieieeieeeeee e 739
Emmanuel Vijay Paul Pandeeti, Swetha Kamireddy, C. Toshisangba,
Sunil Parthasarathy, M. Ashok Kumar, and Dayananda Siddavattam

33 Lactic Acid Bacteria in Food Industry.............ccccccoooiniiininniiiniennne 757
Deeplina Das and Arun Goyal

34 RNA Interference and Functional Genomics in Fungi....................... 773
Neeru Singh and Manchikatla Venkat Rajam

35 Bioethanol: A Critical Appraisal...............ccoooiviiiiiiiniiieeee 793
A.B. Chaudhari, N.D. Dandi, N.C. Vadnere, U.K. Patil,
and S.B. Chincholkar



About the Editors

After completing M.Sc. and Ph.D. at the University of Saugar (India),
T. Satyanarayana had post-doctoral stints at the University of Bhopal and France.
In 1988, he joined the Department of Microbiology, University of Delhi South
Campus as Associate Professor and became Professor in 1998. His research efforts
have been focused on understanding the diversity of yeasts, and thermophilic fungi
and bacteria, their enzymes and potential applications, heterotrophic carbon seques-
tration and metagenomics, and cloning and expression of yeast and bacterial genes
encoding industrial enzymes. He has published over 160 scientific papers and
reviews, and edited three books. He is a fellow of the National Academy of Agri-
cultural Sciences, Association of Microbiologists of India, Mycological Society of
India and Biotech Research Society of India, and a recipient of Dr. G.B. Manjrekar
award of the Association of Microbiologists of India in 2003 and Dr. V.S.
Agnihotrudu Memorial award of MSI in 2009 for his distinguished contributions.
He is one of the Editors for Indian Journal of Microbiology and a member in the
editorial board of Bioresource Technology and Indian Journal of Biotechnology. He
has over 37 years of research and teaching experience.

Bhavdish N. Johri obtained his doctorate degree from the University of Alberta,
Edmonton and carried out Post-Doctoral Research at the University of British
Columbia, Vancouver (Canada). He has teaching experience of microbiology of over
35 years and research experience of nearly 40 year. He was Chairperson, Department
of Microbiology at G.B. Pant University of Agriculture & Technology (Pantnagar)
for considerable period, and was Dean, College of Basic Sciences & Humanities.
During this long tenure of academics, he has won several accolades such as INSA
Young Scientist Award (1974), UGC Carrer Award (1980), KN Katju Award (1985)
and the prestigious Rafi Ahmed Kidwai Award of ICAR (2005). He is a Fellow of
National Academy of Sciences (FNASc) and National Academy of Agricultural
Sciences (FNAAS). He is the Past President, Association of Microbiologists of India.
He has to his credit three edited volumes in the domain of microbiology and over 100
refereed and other publications. Currently he is Acharya PC Ray Silver Jubilee
Fellow of the Madhya Pradesh Council of Science & Technology. His major research
interests encompass rhizosphere biology and microbial ecology.

Xiii



Xiv About the Editors

Dr. Anil Prakash obtained his B.Sc., M.Sc., M.Phil. and Ph.D. from Barkatullah
University, Bhopal. Presently he is working as Associate Professor at the Department
of Biotechnology and Coordinator of Bioinformatics Centre. He is fellow of
Academy of Science, Engineering and Technology. During 25 years of research and
teaching career, he has guided more than 20 Ph.D. students. He has completed a
number of projects funded by UGC, ICAR, DBT (Govt. of India), and others.
Dr. Anil Prakash is member of several Indian scientific bodies. He has published
several research papers and articles on PGPR and mycorrhiza in national and
international books and Journals, and published two books.



Contributors

E. Leo Daniel Amalraj Central Research Institute for Dryland Agriculture,
Santoshnagar, Hyderabad 500059, Andhra Pradesh, India

Sheetal Ambardar School of Biotechnology, University of Jammu, Jammu
180006, India

G. Archana Department of Microbiology and Biotechnology Center, Maharaja
Sayajirao University of Baroda, Vadodara 390002, India, archanagayatri@yahoo.com

M. Ashok Kumar Department of Animal Sciences, School of Life sciences,
University of Hyderabad, Hyderabad 500 046, India

Keith Baronian School of Biological Sciences, University of Canterbury, Private
Bag 4800, Christchurch, New Zealand

A. Buch Department of Biochemistry, Maharaja Sayajirao University of Baroda,
Vadodara 390002, India

A.B. Chaudhari School of Life Sciences, North Maharashtra University, Jalgaon
425001, India

Vidhi Chaudhary Division of Microbiology, Indian Agricultural Research
Institute, New Delhi 110012, India

S.B. Chincholkar School of Life Sciences, North Maharashtra University, Jalgaon
425001, India, sudhirchincholkar @ gmail.com

Swati Choudhary Indian Institute of Technology Madras, Chennai 600036, India

N.D. Dandi School of Life Sciences, North Maharashtra University, Jalgaon
425001, India

Deeplina Das Department of Biotechnology, Indian Institute of Technology
Guwahati, Guwahati 781 039, India

XV



Xvi Contributors

Swati Sucharita Dash Applied and Industrial Microbiology Laboratory,
Department of Biotechnology, Indian Institute of Technology Madras, Chennai
600 036, India

Anjana J. Desai Department of Microbiology and Biotechnology, Faculty of
Science, Maharaja Sayajirao University of Baroda, Vadodara 390002, India,
desai_aj@yahoo.com

Suseelendra Desai Central Research Institute for Dryland Agriculture,
Santoshnagar, Hyderabad 500059, Andhra Pradesh, India, desai1959 @yahoo.com

Sunil Kumar Deshmukh Piramal Life Sciences Limited, 1, Nirlon Complex, Off
Western Express Highway, Goregaon (East), Mumbai 400 063, India, sunil.
deshmukh @piramal.com

Kristina Florschiitz Leibniz-Institut fiir Pflanzengenetik und Kulturpflanzen-
forschung (IPK), Corrensstr. 3, D-06466 Gatersleben, Germany

B.N. Ganguli Agharkar Research Institute, Pune 411 004, India

Martin Giersberg Leibniz-Institut fiir Pflanzengenetik und Kulturpflanzen-
forschung (IPK), Corrensstr. 3, D-06466 Gatersleben, Germany

Surendra K. Gond Mycopathology and Microbial Technology Laboratory,
Department of Botany, Banaras Hindu University, Varanasi 221005, India

Arun Goyal Department of Biotechnology, Indian Institute of Technology
Guwabhati, Guwahati 781 039, India, arungoyl @iitg.ernet.in

Minakshi Grover Central Research Institute for Dryland Agriculture, Santoshnagar,
Hyderabad 500059, Andhra Pradesh, India

Sathyanarayana N. Gummadi Applied and Industrial Microbiology Laboratory,
Department of Biotechnology, Indian Institute of Technology Madras, Chennai
600 036, India, gummadi @iitm.ac.in

Akshaya Gupte Department of Microbiology, N.V. Patel College of Pure and
Applied Sciences, Vallabh Vidyanagar 388120, India, akshaya_gupte @hotmail.com

Shilpa Gupte Ashok and Rita Institute of Integrated Study and Research in
Biotechnology and Allied Sciences, New Vallabh Vidyanagar 388 121, India

Sonoko Ishino Department of Bioscience & Biotechnology, Faculty of Agriculture,
Kyushu University, Fukuoka, Japan, ishino@agr.kyushu-u.ac.jp

Yoshizumi Ishino Department of Bioscience & Biotechnology, Faculty of
Agriculture, Kyushu University, Fukuoka, Japan

B.N. Johri Department of Biotechnology and Bioinformatics Centre, Barkatullah
University, Bhopal 462026, India, bhavdishnjohri @rediffmail.com

Monica Joshi Division of Microbiology, Indian Agricultural Research Institute,
New Delhi 110012, India



Contributors xvii

Swati Joshi Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India

V.K. Joshi Department of Post Harvest Technology, Dr. Y.S. Parmar University of
Horticulture and Forestry, Nauni, Solan 173 230, India

Yoshimitsu Kakuta Laboratory of Biochemistry, Department of Bioscience and
Biotechnology, Faculty of Agriculture, Graduate School, Kyushu University,
Hakozaki 6-10-1, Fukuoka 812-8581, Japan

Swetha Kamireddy Department of Animal Sciences, School of Life sciences,
University of Hyderabad, Hyderabad 500 046, India

Ram Karan Enzyme and Microbial Biochemistry Laboratory, Department of
Chemistry, Indian Institute of Technology, New Delhi 110016, India

Yutaka Kawarabayasi Laboratory for Functional Genomics of Extremophiles,
Faculty of Agriculture, Kyushu University, Fukuoka 812-8581, Japan,
kyutaka@agr.kyushu-u.ac.jp

S.K. Khare Enzyme and Microbial Biochemistry Laboratory, Department
of Chemistry, Indian Institute of Technology, New Delhi 110016, India,
skhare @rocketmail.com

R.N. Kharwar Mycopathology and Microbial Technology Laboratory, Department
of Botany, Banaras Hindu University, Varanasi 221005, India, rnkharwar @ gmail.com;
kharwarl @rediffmail.com

Makoto Kimura Laboratory of Biochemistry, Department of Bioscience and
Biotechnology, Faculty of Agriculture, Graduate School, Kyushu University,
Hakozaki 6-10-1, Fukuoka 812-8581, Japan, mkimura@agr.kyushu-u.ac.jp

Ankit Kumar Department of Biotechnology & Bioinformatics Centre, Barkatullah
University, Bhopal 462026, India, ankit1 707 @rediffmail.com

Anuj Kumar Department of Botany, Budha P.G. College, Kushinagar, UP, India

Sumit Kumar Enzyme and Microbial Biochemistry Laboratory, Department of
Chemistry, Indian Institute of Technology, New Delhi 110016, India

Vikash Kumar Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India

Tanvee Kunwar Department of Genetics, South Campus, University of Delhi,
New Delhi 110021, India

Gotthard Kunze Leibniz-Institut fiir Pflanzengenetik und Kulturpflanzenfor-
schung (IPK), Corrensstr. 3, D-06466 Gatersleben, Germany, kunzeg @ipk-gatersleben.de

Mrudula Mathew Indian Institute of Technology Madras, Chennai 600036, India

Deepika Mehta Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India



XViii Contributors

Vishnu Menon Biochemical Sciences Division, National Chemical Laboratory,
Pune 411008, India

S.K. Mir Hassan Ahmed Central Research Institute for Dryland Agriculture,
Santoshnagar, Hyderabad 500059, Andhra Pradesh, India

Arvind K. Misra Department of Botany, North-Eastern Hill University, Shillong
793022, India, arvindkumar25 @rediffmail.com, arvindkmisra@nehu.ac.in

Ashish Mishra Mycopathology and Microbial Technology Laboratory, Department
of Botany, Banaras Hindu University, Varanasi 221005, India

Brijesh Kumar Mishra National Research Centre on Seed Spices, Tabiji, Ajmer

Niranjan Mishra High Security Animal Disease Laboratory, Indian Veterinary
Research Institute, Anand Nagar, Bhopal 462 021, India, mishranir @rediffmail.com

Lata Nain Division of Microbiology, Indian Agricultural Research Institute,
New Delhi 110012, India, latarajat@yahoo.co.in

G. Naresh Kumar Department of Biochemistry, Maharaja Sayajirao University of
Baroda, Vadodara 390002, India

Anuradha S. Nerurkar Department of Microbiology and Biotechnology, Faculty
of Science, Maharaja Sayajirao University of Baroda, Vadodara 390002, India,
anuner @gmail.com

M. Nisha Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India

Matilda Olstorpe Department of Microbiology, Swedish University of Agricultural
Science, Box 7025, SE-750 07 Uppsala, Sweden, Matilda.Olstorpe @slu.se

Lok Man S. Palni Biotechnological Applications, GB Pant Institute of Himalayan
Environment and Development, Kosi-Katarmal, Almora 263 643, India

Emmanuel Vijay Paul Pandeeti Department of Animal Sciences, School of Life
sciences, University of Hyderabad, Hyderabad 500 046, India

Alok Kumar Pandey Division of Microbiology, Indian Agricultural Research
Institute, New Delhi 110012, India

Anita Pandey Biotechnological Applications, GB Pant Institute of Himalayan
Environment and Development, Kosi-Katarmal, Almora 263 643, India,
anita@ gbpihed.nic.in

P. Sunil Parthasarathy Department of Animal Sciences, School of Life sciences,
University of Hyderabad, Hyderabad 500 046, India

Volkmar Passoth Department of Microbiology, Swedish University of Agricultural
Science, Box 7025, SE-750 07 Uppsala, Sweden, volkmar.passoth@slu.se



Contributors Xix

Hardik Patel Department of Microbiology, N.V. Patel College of Pure and Applied
Sciences, Vallabh Vidyanagar 388120, India

U.K. Patil R.C. Patel A.S.C. College, Shirpur 425405, India

Giridharan Periyasamy Piramal Life Sciences Limited, 1, Nirlon Complex, Off
Western Express Highway, Goregaon (East), Mumbai 400 063, India

Sirisha Potala Indian Institute of Technology Madras, Chennai 600036, India

Anil Prakash Department of Biotechnology and Bioinformatics Centre,
Barkatullah University, Bhopal 462 026, India, anil_prakash98 @hotmail.com

Radha Prasanna Division of Microbiology, Indian Agricultural Research Institute,
New Delhi 110012, India, radhapr@gmail.com

G. Praveen Kumar Central Research Institute for Dryland Agriculture,
Santoshnagar, Hyderabad 500059, Andhra Pradesh, India

Adarsh K. Puri Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India

Megha K. Purohit Department of Biosciences, Saurashtra University, Rajkot
360 005, India

Manchikatla Venkat Rajam Department of Genetics, University of Delhi South
Campus, Benito Juarez Road, New Delhi 110021, India, rajam.mv@ gmail.com

Anuj Rana Division of Microbiology, Indian Agricultural Research Institute,
New Delhi 110012, India

Mala Rao Biochemical Sciences Division, National Chemical Laboratory, Pune
411008, India, mb.rao@ncl.res.in

L.V.A. Reddy Department of Microbiology, Yogi Vemana University, Kadapa
516 003, India

0.V.S. Reddy Department of Biochemistry, Sri Venkateswara University, Tirupati
517 502, India, ovsreddy @ gmail.com

K. Rinu Biotechnological Applications, GB Pant Institute of Himalayan
Environment and Development, Kosi-Katarmal, Almora 263 643, India

G.K. Saini Carbohydrate and Protein Biotechnology Laboratory, Department of
Biotechnology, Punjabi University, Patiala 147 002, India

T. Satyanarayana Department of Microbiology, University of Delhi South Campus,
New Delhi 110021, India, tsnarayana@ gmail.com

Arnab Sen Department of Botany, North Bengal University, Siliguri 734013, India

Archana Sharma Department of Microbiology, University of Delhi South
Campus, New Delhi 110021, India, archnasky @ gmail.com



XX Contributors

Vijay K. Sharma Mycopathology and Microbial Technology Laboratory,
Department of Botany, Banaras Hindu University, Varanasi 221005, India

Dayananda Siddavattam Department of Animal Sciences, School of Life sciences,
University of Hyderabad, Hyderabad 500 046, India, siddavattam @ gmail.com

Balkar Singh Department of Botany & Bio-Technology, Arya PG College, Panipat,
Haryana, India

Bijender Singh Department of Microbiology, Maharshi Dayanand University,
Rohtak 124001, India, ohlanbs @ gmail.com

Neeru Singh Department of Genetics, University of Delhi South Campus, Benito
Juarez Road, New Delhi 110021, India

R.S. Singh Carbohydrate and Protein Biotechnology Laboratory, Department of
Biotechnology, Punjabi University, Patiala 147 002, India, rssinghl1@lycos.com

Satya P. Singh Professor & Head, Department of Biosciences, Saurashtra University,
Rajkot 360005, Gujarat, India, satyapsingh@yahoo.com; satyapsingh125@gmail.com

Shipra Singh Department of Biotechnology and Bioinformatics Centre, Barkatullah
University, Bhopal 462 026, India, shiprasingh66 @rediffmail.com

Surender Singh Division of Microbiology, Indian Agricultural Research Institute,
New Delhi 110012, India

Rajeshwari Sinha Enzyme and Microbial Biochemistry Laboratory, Department
of Chemistry, Indian Institute of Technology, New Delhi 110016, India

Vidusha Sinha Department of Genetics, South Campus, University of Delhi,
New Delhi 110021, India

M.N. Sreenivasa Institute of Organic Farming, University of Agricultural Sciences,
Dharwad 580005, India, sreenivasamn @ gmail.com

Sheela Srivastava Department of Genetics, South Campus, University of Delhi,
New Delhi 110021, India, srivastava_sheela@yahoo.com

Harish G. Suthar Department of Microbiology and Biotechnology, Faculty of
Science, Maharaja Sayajirao University of Baroda, Vadodara 390002, India

Shilpi Thakur Sophisticated Instrumentation Centre for Applied Research and
Testing (SICART), Vallabh Vidyanagar 388120, India

Reena Sandhya Tigga Department of Genetics, South Campus, University of
Delhi, New Delhi 110021, India

C. Toshisangba Department of Animal Sciences, School of Life sciences,
University of Hyderabad, Hyderabad 500 046, India

N.C. Vadnere C.K. Thakur A.S.C. College, Panvel, India



Contributors XXi

A. Vaishnavi Department of Genetics, South Campus, University of Delhi,
New Delhi 110021, India

Jyoti Vakhlu School of Biotechnology, University of Jammu, Jammu 180006,
India, jyotivakhlu@gmail.com

Shilpa A Verekar Piramal Life Sciences Limited, 1, Nirlon Complex, Off Western
Express Highway, Goregaon (East), Mumbai 400 063, India

Rama Shanker Verma Indian Institute of Technology Madras, Chennai 600036,
India, vermars @iitm.ac.in

Satish K. Verma Mycopathology and Microbial Technology Laboratory, Department
of Botany, Banaras Hindu University, Varanasi 221005, India

Ashima Vohra Department of Microbiology, Institute of Home Economics,
University of Delhi, New Delhi 110016, India, vohra_ashi@yahoo.co.in






Part I
Microbes in Sustainable Agriculture



Chapter 1

Plant Growth Promotion by Phytases

and Phytase-Producing Microbes due

to Amelioration in Phosphorus Availability

Bijender Singh and T. Satyanarayana

Abstract Phosphorus is a major and critical component of cell and its constituents.
It is also an important macronutrient for plant growth and development. Phytic acid,
a major form of organic phosphorus in soil, is not readily available to plants either
due to the formation of complex with cations or adsorption to various soil compo-
nents. Phosphate solubilizing microorganisms are ubiquitous in soils and play an
important role in making P available from insoluble sources. Phytate hydrolyzing
microorganisms are present in cultivated soils as well as in wetland, grassland and
forest soils. Several fungi and bacteria hydrolyze the organic insoluble forms of
phosphorus by secreting phytases and phosphatases, and thus promote the growth of
plants. Insoluble phytates are a major problem in soil, as these are not readily hydro-
lyzed by all phytases. A large number of transgenic plants have been developed that
are able to grow on phytate as sole source of phosphorus. Phytate-phosphorus utili-
zation could be improved by enhancing phytase/phosphatase activity in the rhizo-
sphere. Furthermore, genetic engineering approach could be employed for enabling
plants to utilize accumulated forms of organic phosphorus in soils.

Keywords Phytase ¢ Phytic acid * Organic phosphorus ¢ Plant growth promotion
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1.1 Introduction

The plant roots in the rhizosphere interact with various physical, chemical and
biological properties of soil (Rodriguez and Fraga 1999; Richardson et al. 2009a,
b). Plant roots interact with soil microorganisms, which have impact on plant nutri-
tion either directly by influencing nutrient availability and uptake, or indirectly
through plant growth promotion (Rodriguez and Fraga 1999; Richardson et al.
2009a, b). Organic phosphorus constitutes 30-80% of soil phosphorus (P) that plays
an important role in the agricultural soils (Dalal 1977). The predominant organic
form of P is phytate (Myo-inositol hexa-phosphates) (Fig. 1.1). The organic form of
P is poorly utilized by plants due to the lack of adequate levels of phytases (Mudge
et al. 2003; Yadav and Tarafdar 2003, 2007a, b; George et al. 2009; Wasaki et al.
2009). This form of P must be dephosphorylated by phytases and/or phosphatases
before its uptake by the plants (Rodriguez and Fraga 1999; Richardson 2001;
Richardson et al. 2009a, b; Singh et al. 2011) (Table 1.1). Phytates also form
complexes with minerals and proteins thus making them unavailable to plants.

OPOH,
OPOH,
H204P0 OPOH,
5
H,04PO 1

Fig. 1.1 Structure of phytic
acid (a) and its interaction
with metal ions (b) OH
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Table 1.1 Hydrolysis of various organic phosphorus compounds by different microorganisms

Substrate

Microbial source

Reference

Non-specific

Phytates

Pseudomonas fluorescens
Pseudomonas sp.
Burkholderia cepacia
Enterobacter aerogenes
E. cloacae

Citrobacter freundi
Proteus mirabalis
Serratia marcenscens

Emericella rugulosa

Bacillus subtilis

B. pumilus

B. mucilaginous

B. amyloliquefaciens
Pseudomonas putida
P. mendocina
Sporotrichum thermophile
Emericella rugulosa
Aspergillus niger

A. fumigatus

Discosia sp.
Chaetomium globosum
A. rugulosus

Ryu et al. (2005)

Richardson et al. (2001a)

Unno et al. (2005)

Thaller et al. (1995)

Thaller et al. (1995)

Thaller et al. (1995)

Thaller et al. (1995)

Ryu et al. (2005), Hameeda
et al. (2006)

Yadav and Tarafdar (2007b)

Ryu et al. (2005)

Ryu et al. (2005)

Li et al. (2007)

Idriss et al. (2002)

Richardson and Hadobas (1997)
Richardson and Hadobas (1997)
Singh and Satyanarayana (2010)
Yadav and Tarafdar (2007b)
Hayes et al. (2000)

Tarafdar and Marschner (2005)
Rahi et al. (2009)

Tarafdar and Gharu (2006)
Tarafdar and Rao (1996)

Microorganisms play an important role in P cycle in nature. In the rhizosphere,
organic substances exuded from plant roots are utilized by microorganisms as
readily available sources of carbon and energy for their growth and reproduction
(Rodriguez and Fraga 1999). Phosphatase activity in the rhizosphere is responsible
for the hydrolysis of organic P and making available for plants (Tarafdar and Junk
1987; Tarafdar and Claassen 1988). Phytase is an acid phosphatase, which is respon-
sible for the sequential hydrolysis of phytates to a series of myo-inositol phosphate
derivatives and inorganic phosphate (Singh et al. 2011). Most of the plant species
cannot utilize this organic source of P due to the lack of adequate levels of extracel-
lular phytase. When phytase is added exogenously (Singh and Satyanarayana 2010;
Idriss et al. 2002; Richardson et al. 2001b; Hayes et al. 2000), or when the phytase
gene from microbial origin was expressed in transgenic plants (Richardson et al.
2001a; Wang et al. 2007; Li et al. 2007, 2009), the plants are able to grow on phytate
P as sole source of P. Therefore, the presence of phytase in the rhizosphere might
enhance plant growth under field conditions (Singh and Satyanarayana 2010). The
soil microbes such as Sporotrichum thermophile (Singh and Satyanarayana 2010),
Discosia sp. FIHB 571 (Rahi et al. 2009), Pseudomonas sp. (Richardson et al.
2001b) and Bacillus amyloliquefaciens (Idriss et al. 2002) have been shown to
improve P availability for plant growth promotion due to the activity of phytases.
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Table 1.2 List of microorganism involved in acquisition of organic phosphorus for plant growth
promotion

Source Microorganism Reference
Fungi Sporotrichum thermophile Singh and Satyanarayana (2010)
Emericella rugulosa Yadav and Tarafdar (2007b)
Aspergillus niger Hayes et al. (2000)
A. fumigatus Tarafdar and Marschner (2005)
A. rugulosus Tarafdar and Rao (1996)
Discosia sp. Rahi et al. (2009)
Chaetomium globosum Tarafdar and Gharu (2006)
Glomus mosseae Tarafdar and Marschner (2005)
Bacteria Pseudomonas fluorescens Ryu et al. (2005)
Pseudomonas sp. Richardson et al. (2001a)
Burkholderia cepacia Unno et al. (2005)
Enterobacter aerogenes Thaller et al. (1995)
E. cloacae Thaller et al. (1995)
Citrobacter freundi Thaller et al. (1995)
Proteus mirabalis Thaller et al. (1995)
Serratia marcenscens Ryu et al. (2005), Hameeda
et al. (2006)
Emericella rugulosa Yadav and Tarafdar (2007b)
Bacillus subtilis Ryu et al. (2005)
B. pumilus Ryu et al. (2005)
B. mucilaginous Liet al. (2007)
B. amyloliquefaciens Idriss et al. (2002)
Pseudomonas putida Richardson and Hadobas (1997)
P. mendocina Richardson and Hadobas (1997)
Actinomycetes Yadav and Tarafdar (2007a)

Microorganisms utilize the P by secreting phosphatase and phytase in the rhizosphere
(Tarafdar and Junk 1987; Tarafdar et al. 1988; Tarafdar and Rao 1996; Richardson
2001; Yadav and Tarafdar 2003; Hayes et al. 2000; Yadav and Tarafdar 2007a, b;
George et al. 2009; Wasaki et al. 2009) (Table 1.2).

Besides the soil microbes, plant growth promoting rhizobacteria (PGPR) have
been shown to affect the growth of plants (Bloemberg and Lugtenberg 2001; Patel
et al. 2010). This effect of PGPR on plant growth promotion has been attributed
either due to the production of plant growth regulating substances (Steenhoudt and
Vanderleyden 2000) or due to the enhancement of nutrient availability (Nautiyal
et al. 2000). There are many reports on the applications of phytases in food and feed
industries (Pandey et al. 2001; Vohra and Satyanarayana 2003; Vats and Banerjee
2004; Kaur et al. 2007; Rao et al. 2009; Singh et al. 2011). But none of them has
described the role of phytases and phytase producing microorganism in plant
growth promotion. This chapter is aimed at reviewing the role of phytases and the
phytase producing microbes in plant growth promotion due to the amelioration in
P availability.
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1.2 Phosphorus Availability in Soil

Phosphorus levels range between 0.40 and 1.2 g per kg of soil (Rodriguez and Fraga
1999), and the amount of soluble P in soil is usually very low (Goldstein 1994). The
rocks, a biggest reserve of P, provide a cheap source of phosphate fertilizers for
agriculture (Rodriguez and Fraga 1999). There are almost 40 million tons of phos-
phatic rock deposits in India (Rodriguez and Fraga 1999). A considerable part of
soil P in agricultural soil is contributed by the application of P fertilizers (Richardson
1994). Although a large portion of soluble inorganic phosphate is applied to soil as
chemical fertilizer, it becomes unavailable to plants due to its rapid immobilization
after application (Rodriguez and Fraga 1999; Tang et al. 2006). The type of soil and
its pH greatly influences the fixation and precipitation of P in soil. For example, in
acidic soils, P is fixed by free oxides and hydroxides of aluminum and iron, while in
alkaline soils it is fixed by calcium such as super calcium (Jones et al. 1991). The
organic form of P is the second major component of soil P, which is mainly present
in the form of myo-inositol phosphate (phytates) (Singh and Satyanarayana 2010;
Tang et al. 2006).

1.3 Organic Phosphorus Acquisition by Plants

Soil contains a wide range of organic P substrates for the growth of crop plants that
must be hydrolyzed to inorganic P before its assimilation by the plants. The micro-
bial hydrolysis of organic P is highly influenced by environmental factors as well as
physicochemical and biochemical properties of the molecules (Ohtake et al. 1996;
McGrath et al. 1995, 1998; Rodriguez and Fraga 1999). Phytic acid, polyphos-
phates, and phosphonates are decomposed more slowly as compared to nucleic
acids, phospholipids, and sugar phosphates. The hydrolysis of most of the organic
phosphorous compounds is carried out by means of phosphatase enzymes. The
phosphatases may be acidic or alkaline depending upon the optimal pH for their
activity. On the basis of substrate specificity, they are also classified as specific or
nonspecific acid phosphatases (Cosgrove et al. 1970; Rossolini et al. 1998).
Microbial phosphatase activity has been detected in different types of soils (Tarafdar
and Junk 1987; Garcia et al. 1992; Kirchner et al. 1993; Xu and Johnson 1995). A
large portion of soil and rhizosphere microorganisms is able to utilize phytates as
carbon and P source (Richardson and Hadobas 1997). The utilization of phytates by
crops and microbes is generally limited under field conditions due to the formation
of insoluble phytates and adsorption to soil particles (Hayes et al. 2000; Tang et al.
2006; Singh et al. 2011). This hypothesis is supported by the fact that phytase activ-
ity could be stimulated by supplementation with organic acids such as oxalic acid,
citric acid and malic acid (Singh and Satyanarayana 2010; Tang et al. 2006). The
secretion of organic acids from plant roots and microorganisms enhances P avail-
ability by chelating cations such as Fe, Al or Ca that are involved in the formation
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of insoluble phytates (Tang et al. 2006; Singh and Satyanarayana 2010). Adams and
Pate (1992) proved this hypothesis in white lupin (Lupinus albus L.), a high organic
acid producer, which exhibited vigorous growth as compared to other species using
sodium phytate as the sole P source.

1.4 Phytase Producing Microbes and Their Effect
on Plant Growth

The insoluble forms of organic P are converted to an accessible soluble form by
many soil microorganisms. These microbes are called as plant growth promoting
microorganisms (PGPM). Organic P compounds are dephosphorylated by phos-
phatases before assimilation by the plants, because plants acquire P as inorganic P
(Richardson 2001). A list of microorganisms, which showed growth promotory
effect on plants, is given in Table 1.2.

A fungus, Discosia sp. FIHB 571 isolated from tea rhizosphere showed plant
growth promotory effects due to the solubilization of inorganic phosphates by
producing phytase, and siderophores and auxins (Rahi et al. 2009). The fungal
inoculum significantly increased the root length, shoot length and dry matter in
maize, pea and chickpea over the uninoculated control. A phosphatase and phytase
producing fungus Emericella rugulosa was tested under field conditions using
pearl millet as a test crop in a loamy sand soil having 68% organic phosphorous
as phytate (Yadav and Tarafdar 2007b). The fungal contribution was significantly
higher in the hydrolysis of various organic P compounds as compared to plant.
The fungal inoculation resulted in a significant improvement in plant biomass,
root length, seed and straw yield and P concentration of root and shoot as compared
to the control plants.

An extracellular HAP-phytase producing thermophilic mould Sporotrichum
thermophile promoted the growth of wheat seedlings (Singh and Satyanarayana
2010). The growth and inorganic phosphate content of the plants were higher than
the control.

The compost prepared by the combined action of native microflora of wheat
straw along with phytase producing S. thermophile promoted the growth of wheat
seedlings. The inorganic phosphate content of the wheat plants was higher than
those cultivated on the compost prepared either with only native microflora or
S. thermophile. Sporotrichum thermophile is known to efficiently decompose
plant residues by secreting an array of different enzymes such as amylase, xylanase,
phosphatase, protease, lipase and phytase (Singh and Satyanarayana 2006). Similarly,
an extracellular HAP-phytase of S. thermophile promoted the growth of wheat
seedlings (Singh and Satyanarayana 2010). The growth and inorganic phosphate
content of the plants were higher than the control.

Sodium phytate (5 mg per plant) was adequate for liberating the amount of P
required for the growth of the seedlings. The plant growth, root/shoot length and
inorganic phosphate content of test plants were better than the control plants. An
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enzyme dose of 20 U per plant was sufficient to liberate enough amount of inorganic
phosphate required for supporting plant growth.

Phytase and phosphatase producing fungi were used as seed inoculants to ame-
liorate P nutrition of plants in the soils containing high phytate P (Yadav and Tarafdar
2003). The efficiency of hydrolysis of different organic P compounds by various
fungi was beneficial to exploit native organic P for plant nutrition. The seedlings of
the six species (three legumes and three grasses) grew well as the plants supplied
with inorganic P, while phytate was a poor source for plant growth (Hayes et al.
2000). Addition of A. niger phytase in the medium liberated sufficient P to enable
T. subterraneum seedlings to grow comparable with plants supplied with inorganic
P. Yadav and Tarafdar (2007a) studied the effect of phytase and phosphatase pro-
ducing actinomycetes on the growth of cluster bean (Cyamopsis tetragonoloba (L.)
Taub.). The organic phosphorus source was made available to the plant by the action
of phytase and phosphatase secreted by actinomycetes.

A phosphatase and phytase producing fungus, Chaetomium globosum was tested
as an inoculant for wheat and pearl millet crops (Tarafdar and Gharu 2006). A sig-
nificant improvement in plant biomass, root length, plant P content, seed and straw
yield and seed P content was observed after fungal inoculation. Among various
Aspergillus spp., A. rugulosus was found to be superior to others that resulted in
improved dry matter and grain yield in wheat and chick pea due to acquisition of
phosphorus by plants (Tarafdar and Rao 1996). Tarafdar and Marschner (2005)
studied the effect of co-inoculation of a phytase producing fungus (A. fumigatus)
and a VAM fungus (Glomus mosseae) on wheat grown in two heat-sterilized low-
phosphorus soils supplied with sodium phytate. Seed inoculation with the A. fumig-
atus or soil inoculation with G. mosseae resulted in increased shoot and root dry
weight and root length, phosphatase activity in the rhizosphere and shoot content of
P and to a lesser extent K and Mg. However, the co-inoculation of both fungi resulted
in better plant growth.

The presence of organic phosphate hydrolyzing bacteria in soil has been investi-
gated in the rhizosphere of pasture grasses (Greaves and Webley 1965) and rice
plants (Raghu and MacRae 1966; Bishop et al. 1994; Abd-Alla 1994). Soil microbes
expressing a significant level of acid phosphatases/phytases include strains from the
genus Rhizobium (Abd-Alla 1994), Enterobacter, Serratia, Citrobacter, Proteus,
Klebsiella (Thaller et al. 1995), Pseudomonas (Richardson et al. 2001a, b; Ryu et al.
2005), Bacillus (Li et al. 2007), and Sporotrichum thermophile (Singh and
Satyanarayana 2010), Emericella rugulosa (Yadav and Tarafdar 2003, 2007b),
Discosia sp. FIHB 571 (Rabhi et al. 2009) and some other fungi. Unno et al. (2005)
isolated over 300 phytate-utilizing bacterial strains from the rhizosphere of Lupinus
albus (L.) and these were identified as Burkholderia based on 16S rDNA sequence
analysis. These isolates were able to hydrolyze insoluble phytates when co-cultured
with Lotus japonicus seedlings. Some isolates resulted in improved growth of seed-
lings as compared to control seedlings.

Plant growth promoting rhizobacteria (PGPR) are well known to exert beneficial
effects on plant growth and development. Ryu et al. (2005) studied the effect of
PGPR on plant growth promotion. Some PGPR strains such as Bacillus subtilis
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GBO03, B. amyloliquefaciens IN937a, B. pumilus SE-34, B. pumilus T4, B. pasteurii
C9, Paenibacillus polymyxa E681, Pseudomonas fluorescens 89B-61, and Serratia
marcescens 90—-166 increased foliar fresh weight of Arabidopsis as compared to
control plants. In vivo studies showed that all bacterial strains promoted foliar fresh
weight in a greenhouse study. Some plant hormone mutants of Arabidopsis were
generated to study the effect of bacterial strains in signal transduction pathways
both in vitro as well as in vivo. The stimulation of plant growth promotion by PGPR
strains in vitro involved signaling of brassinosteroid, IAA, salicylic acid and gib-
berellins, while in vivo ethylene signaling pathway was involved (Ryu et al. 2005).

Various phytate-mineralizing bacteria (PMB) and phosphate-solubilizing
bacteria (PSB) were isolated from the rhizosphere of perennial ryegrass (Lolium
perenne), white clover (Trifolium repens), wheat (Triticum aestivum), oat (Avena
sativa), and yellow lupin (Lupinus luteus) growing in volcanic soil in Chile (Jorquera
et al. 2008). Among 300 isolates, 6 bacteria were selected based on their ability to
utilize both Na-phytate and Ca-phosphate as sole source of P on agar media. These
isolates were identified as strains of Pseudomonas, Enterobacter, and Pantoea. All
the selected strains exhibited production of phosphatases that resulted in a higher
P liberation as compared to the controls.

Hariprasad and Niranjana (2009) isolated bacteria from rhizospheric soil of
tomato, which were able to solubilize both inorganic and organic forms of phospho-
rous. In a green house study, all the isolates showed improvement in shoot length,
root length, fresh weight, dry weight and P content of tomato seedlings as compared
to the control. The analysis of rhizosphere soil samples of 30 day old seedlings
revealed that the available P content was high in soil samples from the plots where
plants have been raised from bacterial inoculated seeds. Some isolates had also
shown protection against Fusarium wilt.

Among various isolates of plant growth-promoting bacteria (PGPB) from farm
waste compost (FWC), rice straw compost (RSC), Gliricidia vermicompost (GVC),
and macrofauna associated with FWC, seven significantly increased shoot length,
while ten showed significant increase in leaf area, root length, density, and plant
weight (Hameeda et al. 2006). Maximum increase in plant weight was caused by
Serratia marcescens EB 67, Pseudomonas sp. CDB 35, and Bacillus circulans EB
35. All the three composts significantly increased the growth of pearl millet. The
inoculation of composts with bacteria further improved plant growth.

1.5 Transgenics and Plant Growth Promotion

Plants are not able to utilize organic P directly due to the lack of adequate levels of
phytases and phosphatases. The microbial sources are promising and have been
explored for phytase production (Pandey et al. 2001; Vohra and Satyanarayana
2003; Vats and Banerjee 2004; Kaur et al. 2007; Rao et al. 2009; Singh et al. 2011).
These microbial phytases have been characterized, and the phytase-encoding gene
from microbial sources could be utilized for generation of transgenic plants. There
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are various reports where microbial phytase genes have been cloned and expressed
in crop plants (Yip et al. 2003; Lung et al. 2005; Shengfang et al. 2007; Wang et al.
2007, 2009) (Table 1.3). The transgenic white clovers harboring A. niger phytase
gene were established from cotyledon using Agrobacterium tumefaciens-mediated
transformation method (Shengfang et al. 2007). The phytase activity in root of the
transgenic lines was higher as compared to the control when phytate was used as
sole source of P.

The P concentration of plants, the P amount per plant, plant fresh weight, and plant
dry weight were much higher in transgenic lines than in controls. Aspergillus fumiga-
tus phytase was expressed in tobacco using Agrobacterium mediated transformation
(Wang et al. 2007). The recombinant protein accumulated in leaves up to 2.3% of total
soluble protein and it was highly thermostable. A phytase gene from A. niger was
expressed in soybean that resulted in improved growth and P acquisition by the trans-
genic plants (Li et al. 2009). The transgenic Arabidopsis plants harbouring A. niger
phytase gene secreted phytase only from roots when grown on medium with low
phosphate (Mudge et al. 2003). The transgenic plants were able to grow on medium
containing phytate as a sole source of P. The growth rates and shoot P concentrations
of these plants were similar when grown on phytate or phosphate as the P source. The
growth and P nutrition of A. thaliana plants supplied with phytate improved signifi-
cantly after the introduction of phytase gene from A. niger (Richardson et al. 2001a).
Growth and P nutrition of the transformed plants were improved and were equivalent
to the control plants supplied with inorganic phosphate as sole source of P. This sug-
gested the extracellular phytase activity of plant roots as a significant factor in the
utilization of P from phytate and opportunity for using genetic engineering for enabling
plants to utilize accumulated forms of soil organic P.

A B-propeller phytase from Bacillus subtilis was constitutively expressed
in tobacco and Arabidopsis, which was secreted from roots (Lung et al. 2005). In
transgenic tobacco, phytase activities in transgenic leaf and root extracts were seven
to nine times higher than those in the wild-type extracts, while the extracellular
phytase activities of transgenic plants were enhanced by four to six times. The trans-
genic tobacco lines accumulated more shoot biomass than the wild-type plants after
30 days of growth with concomitant increase in shoot P concentration in hydroponic
culture using 1 mM Na-IHP as the sole P source. Similar observations have been
recorded in the transgenic Arabidopsis; this explains the conversion of soil phytate
into inorganic phosphate for uptake by plants (Lung et al. 2005). Yip et al. (2003)
observed phenotypic changes in the tobacco lines transformed with a neutral
Bacillus phytase. The transgenic tobacco showed an increase in flower and fruit
numbers, small seed syndrome, lower seed IP6/IP5 ratio, and enhanced growth
under phosphate-starvation conditions compared with the wild type. These observa-
tions suggested that the over-expression of Bacillus phytase in the cytoplasm of
tobacco cells shifts the equilibrium of the inositol phosphate biosynthesis pathway,
thereby making more phosphate available for primary metabolism.

Transgenic Arabidopsis plant expressing phytase gene from Medicago truncat-
ula exhibited significant improvement in organic P utilization and plant growth
(Xiao et al. 2005). When phytate was supplied as the sole source of P, dry weight of



B. Singh and T. Satyanarayana

12

(6007) eueluexN pue peseiduep ojewio], adKy prim BLIOJORQOZIYY ‘02
urdn] mo[[ex 1eQ
TBAYA “TOAO[D AIYM “ds vaojunyg
(8007) Te 12 e1onbior ‘SSBISOAY [BIUURIO] odA1 prip “ds uagonqosaqury ds spuowopnasq 61
SUDISIOUDUL DYDLIDS
‘suaasatonyf spuowopnasg ‘vxfusjod
snjjopquuanyg ‘1anaisod g ‘snjund
(S00T) Te 32 nkY ad£y prim g ‘suaonfonbijo)un g ‘sijuqns snjjong 81
(e£00T) Tepyere], pue Aepex ueoq 19)sn[) odKy prim soje0Awounoy ‘L1
(LO0T) Te ¥ 1] 0008qO], snsour8vjronut Snjjovg 1281 "y 91
(S007) Te 19 oerxX sisdopiqery sisdopiqery DIDIUNL OSDIPIN I
(€002) Te 10 dix 039BqOL ds snjpong 4!
(S007) Te 10 Sun sisdopiqery ‘009eqo], sisdopiqery ‘009eqo], snuqns snjjovg €1
(S00T) IouyOSIEJA pue Iepjere], JeaU M adKy prim smpSnuunf 'y il
(L00T) Te 10 Suep 0008qO], 0008qO], smpSunf y 1
(81000) Te 10
uospIeyory (£007) e 12 93pnN sisdopiqery sisdopiqery 1281 "y 01
(0007) Te 19 sekeH WNaUNLL2IGNS | odAy prip 1231 Yy ‘6
(6000) T8 117 ueaqLog ueaqLog 4281 'y 8
(9661) 0By pue Iepjere], ead o1y ‘Teoym odKy prim snsopmsnt y ‘L
(L00?7) e 3° Suej3uays J9AO[D AU JOAO[D YA 4281 snyj181adsy ‘9
(0102) eueAeIRUBAIRS pUR YSUIS JeAYM od£ prip apydoutiayy wmyorijotods G
(9007) nIeyD pue JepyeIe], JOI[IW [Iedd ‘TeYM adKy prim wnsoqol8 wnuiojavy)) P
(9L007) Tepyeie], pue Aepex J[[IW (1B odAy prip DSOINSNA D]]2I1IUTT €
(6007) Te 10 Iyey radoIy) ‘oz ad£y prim ds visoosiq T
(S002) Te 10 ouupn smoY ad&y prim ds vuapjoyyng T
QOUAIRJOY uonowod yymoiI3 jue[d SO JUBUIQUIOIY 90In0S aseIAYq ‘ON 'S

SWISIUBZIO0IOIW SnoLrea wolj saseiAyd odAy prim pue JueuIquiodar Jo 109339 A1ojuowold yimois jue[d ¢ dqeL



1 Plant Growth Promotion... 13

the transgenic lines were 3.1-4.0-fold higher than the control plants, and the total P
contents were 4.1-5.5-fold higher than the control, suggesting the great potential of
heterologous expression of phytase gene for improving plant P acquisition and for
phytoremediation. Greenhouse and field experiments have shown that both wild
(Bacillus mucilaginosus) and transgenic (containing phytase gene) strains promoted
the tobacco plant growth (Li et al. 2007).

1.6 Future Perspectives and Conclusions

With increased concerns over P pollution in the areas of intensive livestock and
availability of organic P in insoluble form, phytases have immense potential in
commercial and environmental applications. The moulds such as S. thermophile
and A. niger that are known to play an important role in organic matter decomposi-
tion and mineralization could be used as inoculants during composting in order to
achieve solubilization of organic P for promoting growth of crop plants and improv-
ing productivity. Modern science techniques could be utilized for development of
foods with a higher iron and zinc content and improved bioavailability of the miner-
als and proteins. Furthermore, the transgenic plants harboring the phytase gene from
microorganisms could also be used to improve soil fertilization and nutrient uptake
by plants. The phytic acid content in grains could be reduced using enzymatic
approach in order to increase mineral absorption from the diets. Transgenic plants
with low phytic acid or expressing recombinant phytase could be a novel approach
for reducing micronutrient malnutrition and animal waste P. Further research efforts
are, however, needed to understand the biology of phytic acid accumulation during
seed development and its pros and cons in human health (Mendoza 2002). With the
collaborative efforts of scientists from all over world, effective solutions to the bio-
technological development of an ideal phytase for animal nutrition, human health,
and environmental protection are expected to be available in the near future.
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Chapter 2
Environmental and Nutritional Benefits
of Biopreservation of Animal Feed

Matilda Olstorpe and Volkmar Passoth

Abstract Biopreservation of moist animal feed provides an alternative to conventional
conservation methods and is often beside of saving energy and antimicrobial
chemicals a way to improve feed quality. In regions with temperate climate drying
of cereal grains can require approximately 60% of the total energy input during plant
husbandry. In tropical regions, drying can be incomplete due to high air humidity
and improper handling of the material, resulting in a risk for contamination with
mycotoxine forming moulds or pathogenic microorganisms. Microbial enzyme
activities on feed and activation of intrinsic enzymes in plant material stored wet,
increase the bioavalability of minerals and nutrients. For instance phytases can
decrease the phytate content. Phytate is the main phosphate storage molecule in
plants. It is only partially degraded in non-ruminants, resulting in phosphate release
and eutrophication of water environments. Phytate is also an antinutrient, binding
minerals and proteins and its degradation will improve the bioavailability of those
substances. Biopreservation biomass can also be a locally produced protein source,
which can replace soya. Soya production is frequently associated with negative
environmental and socioeconomic consequences, and its worldwide trading requires
energy for transport and handling. Translocation of nutrients between countries also
precludes nutrient recirculation on arable land. Biopreservation often relies on
spontaneous microbial developments, thus storage stability, feed hygiene, palatabil-
ity and nutritional value may vary depending on the microbial composition.
Microbial populations in feed are often monitored by traditional plate counting
methods, but species identification of isolates demonstrated substantial changes in
microbial populations even when plate counting indicated a stable flora. From eco-
nomical, environmental and animal welfare perspectives it is of great interest to
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obtain a stable and predictable microbial population in the feed, which can be
achieved by developing starter cultures.

Keywords Cereal grain * Feed microbiology * Yeast ® Biopreservation * Biocontrol
* Phytase ¢ Protein

2.1 Introduction

Microbes on animal feed may interfere with feed hygiene, storage stability, palat-
ability of the feed and bioavailability of minerals and proteins depending on the
composition of the microbial population. On the other hand microbial species pres-
ent in or added to animal feed may also do the opposite and contribute to increased
hygiene, stability, protein and mineral availability (Olstorpe and Passoth 2010).
Cereal grains such as corn, barley, oat, wheat, triticale, sorghum, or millet are used in
different parts of the world as animal feed (Hammes et al. 2005). Different cereals
can be included in animal diets in varying proportions, depending on cereal cultivar,
species and production capacity of the animal. Calves, pigs and poultry depend upon
cereal grains for their main source of energy, and as much as 90% of their diet may
consist of cereals and products derived from cereal grain, like hulls or distillers’ grain
(McDonald et al. 2002). When storing cereal grain, the objective is to minimise
losses and maintain nutritional value. Improper handling of harvested cereal grain
causes significant quantitative and qualitative losses, ranging from 9% to 50% (Sinha
1995). In temperate climates cereals normally have a water activity (a,) of 0.86-0.97,
corresponding to a water content of 15-25% at harvest. Thus preservative measures
are needed to secure safe storage. The main preservation methods are drying, acid
treatment and airtight storage (Jonsson 1996). The water content of the cereal grain
at harvest determines how quickly the cereal grain needs to be preserved to avoid
deterioration (Flannigan 1987; Magan et al. 2003). The water content can vary sub-
stantially in different years, depending on the local weather conditions before and
during harvest (Ekstrom and Lindgren 1995; Olstorpe et al. 2010b).

2.2 Survey About Common Grain Conservation Methods

2.2.1 Drying

To achieve safe storage, the grain has to be dried to a water content of 13% (a, <0.65)
where there is generally no growth of microorganisms. Insufficient drying may lead
to deterioration in grain quality during storage. Different drying methods may cause
an uneven drying zone, leaving zones with cereal grain of higher moisture content.
Especially in humid climates due to poor storage equipment or improper handling of
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the material moisture increases after drying can also happen. This can result in wet
spots (also called hot spots), where microbial growth and grain deterioration can
occur. The most effective drying technique would be with hot air. Cereal grains dried
with heat addition or with hot air usually show much lower moisture content than
those dried with surrounding temperature air (Lacey and Magan 1991; Jonsson
1996). On the other hand, hot air drying consumes much energy. In temperate cli-
mates, approximately 60% of the energy used during total plant husbandry opera-
tions was calculated to be spent on grain drying (Pick et al. 1989). A large proportion
of the required energy input is met by fossil fuels such as diesel or gasoline. The use
of fossil fuel needs to be reduced, because their combustion gives rise to pollution
that contributes to eutrophication, acidification and climate change (SJV 2008). One
way to reduce energy consumption in agriculture is to use safe and energy-efficient
long term storage methods for moist cereal grain. Preserving cereal grain while moist
dramatically reduces the consumption of fossil fuels used for drying of the grain.

2.2.2 Acid Treatment

Acid treatment of cereal grain is a preservation method applicable to moist feed
grain. The preservation method inactivates the sprout and interferes with the baking
process which precludes it to be used as storage method to cereals intended to bak-
ing or seeding. Acid application is a delicate process and needs to be monitored
accurately. Uneven distribution of acid over the kernel surface may permit mould
growth during storage. Initial mould growth may then affect surrounding grains, as
acid is less effective on actively growing microorganisms (Jonsson 1997). Addition
of the correct concentrations of acid depends on the water content of the cereal grain
(Lacey and Magan 1991) and it is very critical to obtain the correct amount. It has
for instance been shown that too low concentrations of propionate can even stimu-
late the production of aflatoxins (Al-Hilli and Smith 1979). Balanced concentra-
tions of propionic acid may be sufficient to inhibit the normal spoilage moulds
associated with cereals in temperate climates, but not Aspergillus flavus. Even
though growth of this fungus has been partially inhibited, it can still produce afla-
toxin B, at enhanced levels in these conditions. The production of acids is very
energy consuming and has been estimated to represent 15-20% of the energy con-
sumed during silage production (Strid and Flysjo 2007). Formic acid has been
widely used but is now forbidden in some countries due to the risk of aflatoxin pro-
duction in the event on inaccurate dosage (Clevstrom et al. 1989).

2.2.3 Airtight Storage

Airtight storage of grains is a preservation method that relies on a perfectly airtight
silo with modified atmosphere, enabling storage of the cereal grain at higher
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moisture content. Airtight storage is not suitable for grain intended for baking, as
the gluten protein is adversely affected, and the germination capacity impaired.
However, further environmental benefits could be gained by using moist cereals
during bioethanol production. Apart from the considerably lower energy demands
during grain storage, moist stored grain also supported fermentation with a substan-
tially improved ethanol yield of more than 10% (Passoth et al. 2009). The moist
grain storage method only requires about 2% of the energy that is consumed in
high-temperature drying (Pick et al. 1989). Modified atmosphere with reduced lev-
els of O, and increased levels of CO, is received by respiration of the grain and the
endogenous microflora (Lacey and Magan 1991; Magan et al. 2003). The control of
spoilage microorganisms depends on maintaining the modified atmosphere.
However, temperature fluctuations may, in turn, generate pressure fluctuations in
the silo (Druvefors et al. 2002). Imperfect sealing and feed outtake also lead to gas
leakage that may alter the modified atmosphere needed. Feed outtakes also result in
a continuously diminishing grain bulk, making it difficult for microbial and grain
respiration to sustain the modified atmosphere. Deteriorative microbial develop-
ment and spontaneous heating may then occur (Lacey and Magan 1991).

2.2.4 Moist Grain Crimping

Moist grain crimping is ensiling of feed grain, a storage method that is now becom-
ing widely used (Finch et al. 2002). Moist crimping of cereal grain allows the
harvest of grain at higher moisture content. This may protect the crops from pro-
longed exposure to inclement weather, which might otherwise lead to weathering
and mould infections of the grain in the field (Lacey and Magan 1991). Moist
crimped cereal grain cannot be stored in silos, as moisture content above 25%
impedes the feed outtake system (Jonsson 1996). However, other structures could
be used, such as permanent clamps or bunkers, or plastic tubes. The use of plastic
tubes has increased in the last few years. This storage system is interesting from an
economical point of view because increasing oil prices also result in increasing
costs of hot air drying. In addition, capital and maintenance costs for permanent
storage space have been replaced by mobile costs (Sundberg 2007). Life cycle
analyses have also shown that local production of cereal grains i.e. on individual
farms, reduces the environmental impacts of grain production (Cederberg and
Ericsson 2007). Cereals intended for crimping should preferentially be harvested
during grain yellow ripeness, while the kernels have moisture content of 30-45%.
Prior to storage, the cereals are preferably rolled to facilitate packing and thereby
reduce air-space between the kernels. The precise mechanism of conservation is
still not completely understood. It is assumed that at sufficiently high moisture
content, a spontaneous fermentation starts with the endogenous microbial flora
resulting in ensiled cereal grain. It is believed that the stability of moist crimped
cereal grain is due to acid production by the natural microbial flora on the cereals
(http://www kelvincave.com). However, recent investigations demonstrated that
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the pH of the grain does not substantially decrease, even if the moisture content is
close to the recommended value.

The LAB and yeast populations were very different in the storage systems of
different farms, even in those situated close to each other and partially using the
same equipment for harvest and storage (Olstorpe et al. 2010a, b). It is getting clear
that more research is required to understand the stabilisation of the crimped grain in
airtight storage, with the aim to minimise economical risks for farmers and health
risks for consumers.

2.3 Microbial Population in Cereal Grain

Microorganisms habitat the cereal grain as a mixed consortium of bacteria, yeasts and
filamentous fungi (Magan et al. 2003). The colonisation of plants by microorganisms
starts almost as soon as leaves are exposed to the air. Bacteria usually colonise first,
rapidly followed by yeasts, and then by pathogenic and saprophytic fungi. Filamentous
fungi usually continue to develop at all stages of plant growth, including seed ripening
(Flannigan 1987; Lacey and Magan 1991; Magan et al. 2003).

Microbial populations in feed are traditionally determined by spreading accord-
ing dilutions of microorganisms on media selective for a certain group of microbes
and counting the colony forming units (cfu). However, results from this methods
should be taken with care. At first, it is a well known phenomenon, that only a part
of microbes present in the material will grow on the cultivation plates (Amann et al.
1995). Secondly, it is not commonly known that antibiotics have to be included
when certain groups are counted, which can for instance result in bacterial growth
on Malt Extract Medium, overestimating the number of yeasts. Moreover, bacteria
can also grow on selective media of other groups. We found substantial growth of
lactic acid bacteria on medium specific for total aerobic bacteria (see below). Finally,
species composition can change within a microbial group during storage or feed
fermentation. Recent studies have shown that populations were apparently stable
according to plate count methods, but identification of the organisms revealed ongo-
ing changes (Olstorpe et al. 2008, 2010a).

2.3.1 Bacteria

In the field, forages normally contain bacteria at approximately 6.5 log units g
fresh material. However, these numbers may vary substantially between production
location and different microbial groups (Table 2.1, Olstorpe et al. 2010a, b). The
minimum a  supporting active growth of most Gram-negative and Gram-positive
bacteria are 0.97 and 0.90, respectively (Adams and Moss 2000). The dominant
bacterial flora on plant surfaces belongs to Gram-negatives such as species of
Erwinia, Pseudomonas and Xanthomonas (Flannigan 1987) and a smaller number
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Table 2.1 Log colony forming units of different bacterial groups and moisture content
(%) in cereal grain at harvest

Lactic acid Total aerobic Moisture
Farm bacteria bacteria Enterobacteriaceae content (%)
12 5.5 7.8 6.6 14.9
28 6.6 9.1 8.4 15.2
32 4.3 7.8 7.3 16.4
42 4.6 7.5 6.4 15.5
52 3.1 9.6 7.8 21.4
6° 5.7 8.8 8.3 23.3
7? 6.2 8.8 6.9 29.8
1° 5.6 7.9 5.2 16.4

*Values from Olstorpe et al. (2010b)
*Values from Olstorpe et al. (2010a)

of Gram-positive bacteria, including species of Lactobacillus and Leuconostoc
(Kaspersson et al. 1988; Adams and Moss 2000).

When storing grain moist another set of organisms may habitat the feed and may
become important in the production of fermented feed. Olstorpe et al. (2010a, b)
found Lactobacillus and Leuconostoc but also species of Bacillus, Enterococcus,
Lactococcus, Pediococcus and Weissella on cereal grain at harvest. Bacterial status is
usually evaluated by determining the total counts of aerobic bacteria on general sub-
strates and Enterobacteriaceae on bile containing substrates, as an indication of the
hygiene status of the feed. High numbers of these bacterial groups do not necessarily
indicate a feed hazard, but suggest that the risk is increased. Unexpectedly, Olstorpe
et al. (2010b) found a substantial presence of Enterobacteriaceae on cereal grain at
harvest, far exceeding Swedish guideline values for silage (Enterobacteriaceae guide-
line values for cereal grain are even not established, since they are not regarded a
problem, see above). This indicates the importance of including this microbial group
during evaluation of feed hygiene of stored cereal grain using different technical sys-
tems. LAB are often enumerated in feed cereal storage systems as these organisms are
usually considered desirable. The numbers of total aerobic bacteria were often high in
moist grain. However, it was recently shown that the number of total aerobic bacteria
has only limited value for evaluation of feed quality as LAB were also able to grow in
the agar pouring assay on Tryptone Glucose Extract Agar used for the quantification
of total aerobic bacteria (Olstorpe et al. 2010a). All bacterial groups were found in
cereal grain even with a_ values below 0.70 (Olstorpe et al. 2010b).

2.3.2 Yeast

Yeasts are best known for their contribution to society through their fermentation of
bread dough and alcoholic beverages, and other products. However, they are also
known as spoilage organisms of food and feed (Middelhoven and van Balen 1988;
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Table 2.2 Yeast species identified on cereal grain at harvest

Yeast species References

Aureobasidium pullulans Olstorpe et al. (2010b)

Cryptococcus albidus Flannigan and Campbell (1977)

Cryptococcus flavescens Olstorpe et al. (2010b)

Cryptococcus laurentii Flannigan and Campbell (1977)

Cryptococcus macerans Olstorpe et al. (2010a, b), Flannigan and Campbell (1977)
Cryptococcus tephrensis Olstorpe et al. (2010a)

Cryptococcus victoriae Olstorpe et al. (2010b)

Cryptococcus wieringae Olstorpe et al. (2010a, b)

Kazachstania aerobia Olstorpe et al. (2010b)

Metschnikowia aff. fructicola Olstorpe et al. (2010b)

Pichia anomala Olstorpe et al. (2010a)

Rhodosporidium babjevae Olstorpe et al. (2010b)

Rhodotorula glutinis Olstorpe et al. (2010b), Flannigan and Campbell (1977)
Sporobolomyces ruberrimus Olstorpe et al. (2010b)

Sporobolomyces roseus Flannigan and Campbell (1977)

Torulopsis ingeniosa Flannigan and Campbell (1977)

Trichosporon cutaneum Flannigan and Campbell (1977)

Fleet 1992; Loureiro and Malfeito-Ferreira 2003; Fleeth 2007). Isolates belonging
to yeast genera such as Candida, Cryptococcus, Pichia, Rhodotorula and
Sporobolomyces have been isolated from grains at harvest (Table 2.2, Flannigan and
Campbell 1977; Flannigan 1987; Olstorpe et al. 2010a, b).

The significance of their presence in cereal grains has not been examined, as fila-
mentous fungi are usually considered to be the main agents of pre- and postharvest
spoilage of grain (Lacey 1989; Lacey and Magan 1991). This may explain that there
are currently only a few studies where yeasts on grain are identified. Yeasts associ-
ated with pre- and postharvest cereal grain need further investigation as it is evident
that yeasts play a significant role in the production and spoilage of fermented grain
(Fleet 1990). Yeasts may compete with LAB for fermentable growth substrates, and
by this reduce acid formation and thus conservation power. At air ingress, some
yeasts can metabolise lactic and acetic acid, causing the pH to increase and encour-
aging the growth of spoilage bacteria and moulds (Fleet 1992). On the other hand,
yeasts may also contribute to the conservation of feed, by inhibition of undesirable
microorganisms (Passoth and Schniirer 2003; Olstorpe and Passoth 2010).

When describing a yeast population in cereal storage systems, the currently
rather confusing situation of yeast taxonomy may result in some misinterpretations.
For instance, if several isolates are identified as Candida sp. one might get the
impression that these yeasts are related to pathogenic yeasts like Candida albicans.
However, Candida is an artificial genus, comprising ascomycetous imperfect spe-
cies or anamorphs. For instance, Candida robusta is the anamorph of bakers’ yeast
Saccharomyces cerevisiae and Candida kefyr that of the milk yeast, Kluyveromyces
marxianus (Kurtzman and Fell 1998). Similarly, the genus Cryptococcus contains
non-sexual species and anamorphs of basidiomycetous yeasts. It consists of four
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orders and only recently an attempt was started to rename one group within this
genus to generate a phylogenetic system (Wuczkowski et al. 2011). When identify-
ing yeasts to our opinion the use of anamorph names should be avoided. There is
also an ongoing development in re-naming sexual yeast genera. Recent investiga-
tions have shown that the genus Pichia is polyphyletic, requiring nomenclature
changes for of a variety of yeast species (Kurtzman 2010). This will also impact
many yeasts connected to feed systems, like for instance the biocontrol yeast
P. anomala. Currently there is a debate how to correctly name this species, either to
use the older name Hansenula anomala or to use a new name, Wickerhamomyces
anomalus (Kurtzman 2010; Passoth et al. 2010). In this chapter we will use the
designation P. anomala, since we used it in most of our publications, but it is clear
that this name will be changed in the near future.

2.3.3 Moulds

Generally, grain stored at a moisture content equivalent to less than a_ 0.70 will not
be subjected to fungal spoilage and mycotoxin production (Aldred and Magan 2004).
However, cereals at harvest normally have a  0.86-0.97, and are often traded on a
wet weight basis. Certain technological problems associated with bulk drying and
storage of grain, and cases of poor practices and negligence, result in a significant
risk for mould growth and mycotoxin production in the postharvest situation. Moulds
may have additional undesirable effects such as loss of dry matter, discoloration,
reduced nutritional value and digestibility, or production of off-flavours (Lacey 1989;
Magan et al. 2003). Mould formation also results in an increased dust fraction, con-
taining substantial numbers of fungal conidia. The dust fraction has for example been
associated with chronic and recurrent airway disease in horses. There are no compa-
rable investigations in cattle, but inhalation of mould spores comprises a continuous
pro-inflammatory challenge to the upper airways of cattle as well as horses (Fink-
Gremmels 2008). Fungi present on plants before harvest are traditionally termed
‘field fungi’. Typically, these include species of Cladosporium, Alternaria, Epicoccum
and Fusarium (Magan and Lacey 1984; Flannigan 1987; Lacey and Magan 1991).
Cladosporium species are among the most abundant components of daytime summer
air-borne spores. Species of this genus are widespread on the ears of cereals at har-
vest. Spores of Alternaria alternata are, after Cladosporium spp., probably the most
common airborne fungal spores and may penetrate the kernel sub-epidermally. This
hides them from the action of fungicides, which may be one of the reasons that
Alternaria species can be isolated from most grains at harvest (Lacey 1989). Fusarium
spp. may cause various plant infections such as scab, ear rot or head blight. They may
also produce mycotoxins, such as deoxynivalenol and various trichothecenes, in the
grain, both pre- and post harvest (Lacey et al. 1999; Aldred and Magan 2004). Pigs
are more sensitive to trichothecenes than other farm animals. Symptoms generally
shown are reduced feed intake and weight gain, but impairment of the immune sys-
tem has also been observed in pigs (Smith 1992; Eriksen and Pettersson 2004).
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Depending on the storage conditions of cereal grain, growth of typical storage fungi
may occur. These fungi are present at low levels before harvest, and belong in most
cases to Aspergillus or Penicillium. Penicillium roqueforti, a species also used in
cheese manufacture, is an important spoilage fungus in airtight storage systems
(Lacey and Magan 1991). Dairy cows partaking of P. roqueforti infested feed dis-
played symptoms such as lack of appetite, ketosis, paralysis and spontaneous abor-
tions (Haggblom 1990). P. roqueforti has been isolated from acid-preserved cereals,
as well as from airtight stored grain with insufficient oxygen exclusion (Kaspersson
et al. 1988). Aspergillus spp. are characteristic colonisers of stored products, and dif-
ferent species vary considerably in their growth requirements; thus, the dominance of
certain species may be indicative of previous storage conditions (Lacey 1989).
However, the concept of field and storage flora should not be carried too far. The
terminology was first used in northern temperate regions, whereas in warmer, more
humid climates, the species distribution between field and storage fungi differs
(Lacey and Magan 1991). Species composition of field and storage flora may also
vary with grain storage method. For example, observations of partial persistence of
the field fungi Cladosporium and Fusarium were noted in moist storage systems
(Kaspersson et al. 1988; Olstorpe et al. 2010b).

2.4 Biopreservation

Biopreservation refers to extended storage life and enhanced safety of feeds using
the antibacterial and/or mould inhibiting activity of microorganisms. Biopreservation
of moist animal feed provides an alternative to conventional conservation methods
and is often beside of saving energy and antimicrobial chemicals a way to improve
feed quality.

Different forages can be stored moist, but feed hygiene is then easily impaired
due to growth of deteriorative and/or hazardous microorganisms. However, addition
of biopreservative organisms may ensure feed hygiene (Olstorpe et al. 2010a).
Securing feed hygiene and quality in cereal grain may be achieved by inoculation of
the biocontrol yeast Pichia anomala to the storage systems. P. anomala strongly
reduces growth and sporulation of several mould species on agar plates. The mould
inhibition was regulated by inoculation level of P. anomala in a clear dose depen-
dent manner (Bjornberg and Schniirer 1993; Petersson and Schniirer 1995). The
anti-mould-activity of the yeast was also demonstrated in moist grain storage sys-
tems with air leakage (Petersson and Schniirer 1995). Mould inhibition studies have
been done both in small (approximately 17 g) and large (approximately 160 kg)
scale silos containing moist grain (Petersson and Schniirer 1995; Petersson and
Schniirer 1998; Petersson et al. 1999). P. anomala can grow over a wide range of
temperatures (3—-37°C) and pH (2-12), at low a_ (0.85) and even in anaerobic envi-
ronments (Fredlund et al. 2002). Several different mechanisms of fungal inhibition
have been suggested for P. anomala. Generally, competition for limited nutrients
and space (Janisiewicz and Korsten 2002), production of killer proteins (Walker
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Fig. 2.1 P. anomala growth on moist cereal grain, a 0.98, initial inoculation 10° cfu g™' grain and
incubation at 25°C for 4 days. (a) Yeast colonies on moist cereal grain (Reproduced from Olstorpe
2008). (b) Morphology of yeast cells situated on the kernel surface. There were “typical” rounded
yeast cells forming buds, but also elongated cells and possible hat shaped ascospores. Cryoscan
and microphotograph by Dr Jan Dijksterhuis (Centraalbureau voor Schimmelcultures, Utrecht,
The Netherlands)

etal. 1995) and cell wall degrading enzymes (Jijakli and Lepoivre 1998) are seen as
important strategies deployed by yeasts. However, these may not be the main mode
of action of biocontrol by P. anomala (Druvefors et al. 2005; Druvefors and Schniirer
2005). The biocontrol activity against moulds is most probably due to products of
glucose metabolism, mainly ethyl acetate and ethanol (Druvefors et al. 2005). This
was confirmed in a study with a diploid and haploid strain of P. anomala. The two
yeast strains grew and inhibited mould growth equally well and showed comparable
ethyl acetate production at a  0.98. At a  0.95, growth, biocontrol performance as
well as ethyl acetate formation were reduced in the haploid strain. A bioassay with
the pure ethyl acetate compound concluded the inhibitory effect, as reduced bio-
mass production of mould was confirmed (Fredlund et al. 2004). Inoculating the
biocontrol yeast P. anomala to moist crimped cereal grain (Fig. 2.1) stored in plastic
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tubes in an on farm study (comprising 48 tonnes of feed grain) substantially reduced
numbers of undesirable moulds, confirming earlier laboratory results.

A surprising result was that in P. anomala inoculated grain the number of
Enterobacteriaceae decreased from 5.2 log cfu g=!' grain below detection level
(10 cfu/g grain) during storage (Olstorpe et al. 2010a). This finding is of great
importance to both feed and food hygiene as it has been shown that reducing the
number of Enterobacteriaceae in feed, in turn, decrease the Enterobacteriaceae
present later in the food chain (Brooks et al. 2001).

2.4.1 Phytase

Biopreservative organisms may also improve the nutritional value of the feed due to
different enzymatic activities that in turn may increase the bioavailability of miner-
als. Approximately 60—90% of the phosphorus in cereal grains, a major constituent
of animal feeds worldwide, as well as in oilseeds and legumes, is present in the form
of phytic acid or phytate (Nelson 1967; Reddy et al. 1989; Al-Asheh and Duvnjak
1995; Mitchell et al. 1997). Phytate is an antinutrient, binding minerals and proteins
and its degradation will improve the bioavailability of those substances. Phytate is
indigestible for monogastric animals such as poultry, pigs and fish, as these animals
lack the required gastrointestinal tract enzymes for the dephosphorylation of the
phytate complex (Cromwell et al. 1995), but even for ruminants a positive effect of
phytate degradation is discussed (McDonald et al. 2002). Non degraded phytate
accumulates in the manure and liquid effluent, which in turn leads to phosphorus
pollution and eutrophication of water environments (Balander 1998). To ensure that
the phosphorus needs of animals are met, diets are commonly fortified with addi-
tional inorganic phosphates, which may further increase phosphorus excretion
(Jongbloed and Lenis 1992; Balander 1998). Moreover, inorganic phosphorus is a
non-renewable substance that is produced from mined rock phosphate. Major
reserves of mineral phosphorus are for instance found in the West Sahara region
where its production is correlated with both political and environmental problems.
Resources of mineral phosphorus are limited and peak phosphor is estimated to
2030 (Cordell et al. 2009). The bioavailability of other minerals is considerably
reduced by the presence of phytate, which forms insoluble complexes with numer-
ous cations, such as copper, zinc, calcium, magnesium, iron and potassium (Reddy
et al. 1989). Phytate may also negatively influence the functional and nutritional
properties of proteins (Cheryan 1980). The phytate content may be reduced by
phytase via supplementing the feed with pure enzymes or with phytase-producing
microorganisms, and/or via activation of endogenous phytase present in the cereal
grain. This leads to improved growth rates and feed conversion ratios in monogas-
tric animals (Simons et al. 1990; Beers and Jongbloed 1991). Pre-treatment of ani-
mal feed with phytase can decrease the phosphorus load in animal manure by up to
50% (Lei et al. 1993; Kornegay and Qian 1996; Han et al. 1997; Vohra et al. 2006).
The high price of commercial phytase currently restricts widespread application of
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phytase as feed supplement. The enzyme is produced by conventional submerged
fermentation, an expensive high technology process. A more economical alternative
for phytase addition would be solid substrate fermentation (SSF) of the feed,
whereby phytase is produced in situ during SSF by growth of yeasts on selected
feed components (Lonsane and Ghildyal 1993; Tengerdy 1996; Pandey et al. 1999;
Vohra et al. 2006). P. anomala grows well on cereal grain, increasing in cfu numbers
during incubation on both rolled and whole grain and at different a  independent of
inoculum level (10%, 10° and 107 cfu g™! grain). The maximum cfu number reached
in tested conditions was about 8 log units (Olstorpe 2008). P. anomala is reported to
have high activity of intracellular phytase, and an insignificant extracellular phytase
activity (Vohra and Satyanarayana 2001). However, in a recent study a strain depen-
dent extracellular phytase activity was observed in P. anomala. In general, large
inter- and intra species specific differences in intra- and extracellular phytase activi-
ties in a variety of yeasts were demonstrated (Olstorpe et al. 2009). During storage
of moist crimped cereal grain a reduction in phytate content was detected. Phytate
was reduced during storage with 1.3 and 0.54 pmol/g dry matter in P. anomala
inoculated grain and non inoculated grain respectively (Olstorpe et al. 2010a). The
phytate degradation may be due to exogenous activity of the microbial flora present
on the grains. The more pronounced decrease in the inoculated grain was probably
due to the phytase activity of the inoculated P. anomala (Vohra and Satyanarayana
2001; Olstorpe et al. 2009). Recently, a phytase gene of this yeast was cloned and
sequenced (Kaur et al. 2010). P. anomala has a great potential for phytate degrada-
tion in cereal grain, either by using the cloned gene to produce phytase to an accept-
able price in a heterologous expression system for feed addition, or by adding whole
yeast cells as “cell bound phytase” (Vohra et al. 2010).

2.4.2 Protein

Cereals have high contents of starch, dietary fibre, vitamins and minerals, but typi-
cal amounts and qualities of protein present do not fulfil the nutritional require-
ments of animals (McDonald et al. 2002). Cereal proteins are particularly deficient
in essential amino acids, e.g. lysine and methionine. Thus, additional feed protein
sources are required to meet the animals’ needs. Different legumes are often used to
increase the protein content. However, there are practical limitations due to accept-
ability, anti-nutritional substances and influences on carcass quality. Peas have fairly
high crude protein and lysine contents, but their amino acid composition is not con-
sidered to be adequate (Odal 2000). Furthermore, due to the acrid taste, animals
often reject peas in the fodder. Peas also contain tannins that impede the protein
turnover (Simonsson 1995). Rapeseeds have high protein content and an advanta-
geous amino acid composition. However, their use is limited due to the high content
of highly unsaturated fatty acids (Odal 2000) and glycosides (McDonald et al.
2002). The glycosides are degraded by the metabolism of the animals and the inter-
mediates may inhibit growth of the production animals (Simonsson 1995). Europe
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is currently less than 30% self-sufficient in the production of protein feed. The world
market for protein feed has grown continuously over the last few years, with over 200
million tons traded annually and with soya as the primary cultivar (Chudaske 2007).
Soya meal is generally regarded as one of the best sources of protein available to
animals. Soya protein contains all the essential amino acids, although the concentra-
tions of cysteine and methionine are suboptimal (McDonald et al. 2002). The pro-
duction of soya is associated with negative environmental and socioeconomic issues
(Bertrand 2006). Export may further increase the negative impact on the environment
as translocation of nutrients between countries also precludes nutrient recirculation
on arable land. Fossil fuels used in transporting soybeans further increase the envi-
ronmental load. Addition of microorganisms to the feed can increase the protein
content and quality of the feed, thus, providing a more local (national) protein feed
base. Biomass production of biopreservative microorganisms such as P. anomala can
be a locally produced protein source as single cell protein (SCP). Currently, SCP is
produced from many species of microorganisms, including algae, fungi and bacteria.
These are cultured on abundantly available agricultural and industrial wastes (Yang
et al. 1993; Jin et al. 1999; Villas-Boas et al. 2002, 2003; Leathers 2003). Although
these organisms are grown primarily to increase the protein content of the feed,
microbial cells also contain carbohydrates, lipids, vitamins, minerals, and non-
protein nitrogen material, such as nucleic acids. One disadvantage of SCP is that it
frequently has a low content of sulphur containing amino acids. Nutritionists often
assume that microbial growth conditions have a limited influence on amino acid
content (Giec and Skupin 1988). However, recent findings have demonstrated that
the protein and lipid contents in the SCP are determined by the composition of the
medium. Fungi have higher lipid and lower protein contents when grown on media
rich in carbon sources and poor in nitrogen. When the yeast P. anomala was grown
on different liquid substrates, freeze dried and then analysed for its essential amino
acid content, fairly large differences in the amount of crude protein and the composi-
tion of amino acids were observed (Table 2.3) (Olstorpe 2008).

Traditionally microbial biomass is produced by submerged or solid state fermen-
tation. After fermentation biomass is harvested and subjected to downstream pro-
cessing (Villas-Bdas et al. 2002). Growth of microorganisms in sifu on the feed
material would be more cost effective as no further processing is needed. During
storage of moist crimped cereal grain the amino acids and total protein levels
increased over time for both P. anomala inoculated and non inoculated grain. A
significant increase of total amount of protein and four individual amino acids was
measured in inoculated grain compared to the non inoculated, which thus may be
due to the increased yeast growth (Olstorpe et al. 2010a). Different strategies, efforts
and nutrient amendments have been tested to increase the SCP yield of P. anom-
ala growth in situ on cereal grain. Nitrogen sources as urea, ammonium-sulphate
and ammonium-phosphate were added in different concentrations to the grain, also
yeast inoculation level, storage time, air admission or using hole or rolled cereal
grain were tested without increasing the cfu/g grain (Olstorpe 2008). Adding glu-
cose to the grain moistening solution also did not significantly affect the final yeast
cfu levels (Druvefors et al. 2005). This indicates the existence of a cell density
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Table 2.3 Crude Protein and amino acid composition of lyophilised
P. anomala cells grown in liquid substrates Yeast Nitrogen Base or

Malt Extract

Amino acid Yeast nitrogen base Malt extract
Crude protein 353 123
Cysteine 39 1.4
Methionine® 53 1.1
Aspartic acid 29.2 10.7
Threonine® 15 6.4
Serine 18.9 7.2
Glutamic acid 56.2 16.2
Proline 10.4 43
Glycine 14.6 5.5
Alanine 18.9 6
Valine? 16.6 6.1
Isoleucine® 16.5 5.9
Leucine* 222 7.7
Tyrosine (calculated) 11.1 3.7
Phenylalanine® 12.6 4.6
Histidine® 6.6 2.4
Ornitine 1 0.1
Lysine® 22.7 7.8
Arginine 26.4 4.7
Hydroxiproline 0.1 0.1

Data are given as g amino acid kg™' dry matter. The measuring toler-
ance given by the contract laboratory (Eurofins, Lidkoping, Sweden)
is 8% for each amino acid (Reproduced from Olstorpe 2008)
“Essential amino acid

dependent growth inhibition of the yeast, as maximum P. anomala levels on grain,
regardless of treatments, never exceeded 8.5 log units (Olstorpe 2008). The amount
of protein generated is insufficient for the feed to be acknowledged as a protein feed
(Swedish standards). However, the yeast addition improved the total content of pro-
tein and amino acid in the grain and feeding animals with P. anomala inoculated
grain did not adversely affect performance, it rather (although only marginally)
improved weight gain (Olstorpe 2008).

2.5 Future Perspectives and Conclusions

Biopreservation often relies on spontaneous microbial developments, thus storage
stability, feed hygiene, palatability and nutritional value may vary depending on the
microbial composition. Drying of cereal grain currently provides the safest method
for feed conservation. However, increasing energy prices and environmental
concerns generate a demand for alternatives. Biopreservation may provide such an
alternative. The potential of a variety of microorganisms to prevent mould growth
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has frequently been shown. Microbes that grow during fermentation may even have
potential to improve the nutritional value of the feed with increasing protein levels
and bioavailability of minerals. However, the microbial ecology in feed biopreser-
vation is often only poorly understood. Most of the established processes build on
spontaneous microbial developments, and recent investigations in which microbial
species were identified have shown that microbial populations differ substantially
between different feed batches with the same preservation technology. This uncer-
tain output of the spontaneous biopreservation processes represents a risk not only
for impaired feed hygiene, but also for the introduction of pathogenic organisms
into the food chain. It is, therefore, necessary to study microbial interactions in the
different storage systems, and to generate appropriate starter cultures to ensure a
predictable feed storage flora. The some times misleading results from cultivation
dependent microbial quality tests clearly indicate the demand for developing new,
culture independent microbial detection methods. Moreover, culture dependent
analyses are time consuming, as results are only available after several days.
Molecular methods can be an interesting alternative, for instance using hybridisa-
tion or (q) PCR techniques. However, those methods also require knowledge about
the genome of common organisms in the storage ecosystem, thus, further studies of
storage ecosystems in different regions of the world are required. It should also be
taken in account that in many agricultural systems there is a demand for “low tech”
analytics. In so far, culture dependent analyses will still play a great role. More
research is required to understand the microbial ecology in storage system. It has
pointed out that pH decrease is not necessarily the mechanism of microbial inhibi-
tion in cereals. Similar observations have been made for other feed materials as
well, e.g. haylage, where LAB growth is detected but acids are not sufficiently
formed. Therefore new biopreservatives are required that function over a broad
range of water content. The yeast P. anomala may be one example for such new
bioconservation agents.
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Chapter 3
Pivotal Role of Organic Acid Secretion
by Rhizobacteria in Plant Growth Promotion

G. Archana, A. Buch, and G. Naresh Kumar

Abstract Organic acid secretion by rhizobacteria has been major factor responsible
for phosphate solubilization. Efficacy as phosphate biofertilizers is determined by
the nature and amount of organic acids secreted by rhizobacteria. Amongst the
organic acids, gluconic and 2-ketogluconic acids are most commonly secreted by
rhizobacteria. Many efforts have been made to understand the factors responsible
for the variable efficacy of these bacteria as inoculants in field conditions. Nature of
the soil, type and abundance of sugars available in the root exudates and nature of
the available phosphate complexes contribute to the variations in efficacy of these
rhizobacteria between the laboratory and field conditions in terms of the nature and
amount of organic acid secretion. Phytate is a predominant organic phosphate pres-
ent in many soils. The utilization of phytate as a P source appears to be dependent
not only on the characteristics of the phytases but also on the organic acid secretion.
Rhizobacteria are also gaining prominence in providing potassium from mineral
ores to plants. Potassium solubilization by rhizobacteria could also be determined
by the organic acids. Acidification of the rhizosphere by organic acid secretion
could also be important in providing iron to plants specifically which are grown in
alkaline soils. Citric acid is known to be siderophore in Bradyrhizobium. In addition
to the plant growth promotion by enhancing nutrient availability, organic acid secre-
tion by rhizobacteria could be helpful in the amelioration toxic effects caused by
heavy metals. All these aspects are limited by the inherent properties of rhizobacte-
ria. Alternative strategies of coupling beneficial properties of organic acid secretion
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with other well established plant promotion properties may have high potential in
agriculture. Metabolic engineering approaches may be very effective in achieving
these goals.

Keywords Root colonizing bacteria ¢ Low molecular weight organic acids
* Mineral phosphate solubilization ¢ Phytate mineralization * Potassium solubili-
zation * Metal mobilization

3.1 Introduction

Rhizosphere comprises of the thin soil layer surrounding the plant roots and its
unique microflora is selected and their metabolic activity influenced by the plant
root exudates. This zone is known to be richer in microbial diversity as compared to
the surrounding bulk soil with total counts of rhizospheric microbes being 10 times
greater than those of the bulk soils. Rhizobacteria, root colonizing bacteria, are an
assorted group consisting of gram negative as well as gram positive bacteria includ-
ing actinomycetes, belonging to various phyla.

Certain rhizobacteria influence plant health through their beneficial activities and
artificial introduction of highly beneficial species is an important aspect of sustain-
able agriculture. Plant beneficial traits of rhizobacteria include their role in increas-
ing nutrient availability, phytohormone secretion and biocontrol of fungal pathogens
by antagonism. Recent interest is in plant-microbe interaction for phytoremediation
and promotion of plant growth in stressed or polluted environments.

One of the important mechanisms by which rhizospere-dwelling bacteria partici-
pate in many of these activities is by the secretion of wide range of low molecular
weight organic acids. Most secreted organic acids are formed as end products or
byproducts of fermentation of sugars and polysaccharides and biochemical and
molecular basis of the organic acid secretion is well established in several genera.
However, organic acid secretion in rhizosphere depends not only on the metabolic
potential of the organism but also on the plant physiology since root exudates are the
major C-source in root zone. The ability to predict and manipulate organic acid
secretion by rhizospheric bacteria in situ is complicated by the fact that root exudates
composition varies from plant to plant and is controlled by various environmental
and edaphic factors (Dakora and Phillips 2002). Besides, root exudates comprise of
a complex mixture of nutrients, each in low amounts, and bacterial physiology and
organic acid secretion during growth on root exudates cannot be easily predicted
based on simple laboratory studies usually done using single C-source.

The present chapter highlights recent developments regarding the role of low
molecular weight organic acids in various plant growth promotion mechanisms,
rhizobacterial secretion of organic acids, the metabolism underlying their production,
and most importantly the factors influencing the organic acid secretion under soil
conditions. It is well established that certain plants exude organic acids from roots and
benefit from this process irrespective of the rhizobacterial secretion of organic acids
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(Jones 1998). Nonetheless, rhizobacterial secretion of organic acids is an important
aspect for the large majority of plants or cultivars which do not secrete sufficient quan-
tities of organic anions. Another important aspect to be considered is that the nature of
organic acids that can be secreted by rhizobacteria is far wider than the acids released
by plant roots. The ability to biotechnologically manipulate the bacterial metabolism
towards secretion of appropriate quantity and quality of organic acid suitable for the
particular process to be operative under soil conditions is an interesting prospect.

3.2 Role of Organic Acids Produced by Rhizobacteria
in Plant Growth Promotion

Organic acids are low-molecular weight CHO containing compounds character-
ized by the possession of one or more carboxyl groups. Depending on the number
of these carboxylic groups and their dissociation constants, organic acids can com-
plex with cations and result in their sequestration with simultaneous release of
anions associated with minerals as well as cause the displacement of anions from
the soil matrix. Both these properties (sequestration of cations as well as release of
anions) are important in the diverse roles that organic acids play in the rhizosphere
including several important soil bioprocesses. Organic acids released into the
rhizosphere can potentially participate in many soil reactions which can be broadly
divided in to three categories including phosphorus (P) mobilization, uptake of
cations by plant roots and alleviation of toxicity of phytotoxic cations (Fig. 3.1).
The efficacy of the organic acid in these processes depends to a large extent on the
amount and the type of organic acids released as well as on the physico-chemical
properties of soils (Jones 1998).

Iron availabilty

Alleviation of
metal toxicity

Mineral P
solubilization

Organic acid
secreting
rhizobacteria

Phytate
mineralization

Zn and other
metal
mobilization

Fig. 3.1 Roles of organic
acid secreting rhizobacteria
in rhizosphere processes
beneficial to plant growth

K solubilization
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3.2.1 Mineral Phosphate Solubilization

One of the well-studied processes involving rhizobacteria that secrete organic acids
is mineral phosphate solubilization. Phosphorous (P) is a macronutrient element in
natural and agricultural ecosystems, however, throughout the world most soils lack
available P because it is easily converted into insoluble complexes such as iron and
aluminum hydrous oxides, and calcium phosphate complexes. Soluble P fertilizers
applied to soils are rapidly fixed allowing only a small fraction (10-15%) of the P
in fertilizers and manures to be taken up by plants. Consequently, a large reservoir
of fixed P is present in agricultural soils which can be rendered available by rhizobac-
teria involved in insoluble phosphate mineralization, known as P solubilizing bacte-
ria (PSB). Organic acid secretion is the predominant mechanism involved in P
solubilization. Organic acids in the rhizosphere derived from plant sources may also
be involved in P solubilization e.g. for white lupin it is well established that the
release of large amounts of citrate from cluster roots results in the solubilization of
soil P and hence an increase in the availability of P to plants (Dinkelaker et al. 1995;
Hocking 2001).

Rhizospheric bacterial strains belonging to Achromobacter, Acinetobacter;
Agrobacterium, Alcaligenes, Arthrobacter, Azospirillum, Azotobacter, Bacillus,
Burkholderia, Citrobacter, Enterobacter, Erwinia, Flavobacterium, Micrococcus,
Paenibacillus, Pseudomonas, Rhizobium and Serratia are reported as PSB (Rodriguez
and Fraga 1999; Whitelaw 2000; Compant et al. 2005; Haas and Défago 2005; Khan
et al. 2006, Alikhani et al. 2006).The organic acids produced by the PSB include mono-,
di- and tri-carboxylic acids like acetic, lactic, oxalic, tartaric, succinic, citric, gluconic,
2-ketogluconic, formic, malic, pyruvic, glyoxalic acids, etc (Table 3.1). Some of the
other uncommon acids like trans-aconitic acids, maleic, propionic, isobutyric, isoval-
eric, ketobutyric, itaconic, isocaproic, malonic, gulonic and glycolic acids are also
secreted by various P-solubilizing bacteria (Park et al. 2010). As seen from the
Table 3.1, majority of organic acid secreting bacteria are gram negative and
phylogeneticdistribution (Fig. 3.2) shows them to primarily belong to Proteobacteria.
Within this phylum, A (Rhizobium, Phyllobacterium, Xanthobacter, Azospirillum,
Acetobacter) and Gammaproteobacteria (Pseudomonas, Acinetobacter, Enterobacter,
Klebiella, Erwinia, Serratia, Citrobacter, Pantoea. Rahnella, Vibrio) are most pre-
dominant. Betaproteobacteria is represented solely by Burkholderia sp. Only a few
genera of gram positive organisms are reported as organic acid secreting; these
belong to Firmicutes (Bacillus, Paenibacillus) and Actinobacteria (Arthrobacter,
Rhodococcus, Micrococcus). Gluconic acid is largely produced by members of
Gammaproteobacteria. Data compiled using information from Khan et al. 2006,
Rodriguez et al. 2004; Chen et al. 2006; El-Aiat 2010; Hameeda et al. 2006; Buch et al.
2008; Gyaneshwar et al. 1998; Prijambada et al. 2009; Lin et al. 2006; Vikram et al.
2007 and other references cited in the text.

Organic acid addition in acidic form leads to rhizosphere acidification when
organic acids bind cations (e.g. Ca*), causing the release of 2 H* (in the case of
dicarboxylates, for example) from the organic acid, which consequently lowers
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Fig. 3.2 Phylogenetic distribution of representative organic acid producing rhizobacteria. Tree
was made using using the 16 S ribosomal sequences of the type strains and tree builder tool from
ribosomal database project release 10 (http://rdp.cme.msu.edu/). The sequences of the following
accession numbers were used to create the tree: AB004744, AB073196, AJ536198, AJ233408,
AJ233423, AJ233426, AJ233431, AJ888983, AY785315, D84013, D16273, U29386, X94198,
X71863, U96927, X87276, X74723, X79289, X80744, Z29619. The numbers at the nodes denote
bootstrap values for 100 replicates.

solution pH causing acidification (Gyaneshwar et al. 1998). The chelation of bivalent
and trivalent cations such as Ca**, AI** and Fe?*, that are commonly associated with
precipitated forms of soil P, can increase P availability from these mineral forms. In
contrast, the addition of potassium salt of the organic acids tends to cause a rise in
soil solution pH, however the chelation properties of the acid anion can be exerted
even when salts are added. The addition of organic acid salts to soils could displace
adsorbed phosphate through ligand exchange reactions (Palomo et al. 2006). Thus
the release of organic acids either as acids or salts could cause an acidification or
alkalization of the soil which in turn has a profound effect on their P solubilization
capacity, depending on soil characteristics. Strom et al. (2002) have reported that the
addition of citrate and oxalate as acids or salts to soil microcosms brought about an
increase in P content of maize plants, with oxalate being more effective. Recently,
Khademi et al. (2010) have shown similar results could be obtained with wheat plants
grown in calcareous soil. These results provide direct evidence that externally pro-
vided organic acid to soils can increase P availability to plants.

The acidification of soil by organic acids depends on both the nature and quantity
of the organic acid for e.g. acetic, lactic and succinic at 100 mM bring about a drop in
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pH of a soil solution from around 9.0 to about 6.0; a similar drop is brought about by
only 20 mM of gluconic acid, 10 mM of oxalic acid and even lesser amount of citric
and tartaric acids (Gyaneshwar et al. 1998). Another aspect to be considered is that P
released by different organic acids does not depend entirely on the acidification, for
instance, addition of either 100 mM acetic, 100 mM succinic and 10 mM oxalic acides
each individually resulted in a solution pH of around 6, but P release was highest in
case of oxalic acid than the others. This indicates importance of chelation effect of
the acids in addition to pH drop. In general, the di- and tri-carboxylic acids are more
effective for chelation, with those containing one or more a-hydroxyl groups (e.g.
citric acid) being the most effective for P mobilization (Gyaneshwar et al. 1998;
Ryan et al. 2001). This is also substantiated by an observation that in a mildly acidic
soil amended with rock phosphate, S0 mM lactic, acetic and succinic could bring
about a drop in pH to below 4.0 (Srivastava et al. 2007). However, this was not suf-
ficient to bring about substantial release in P, which was brought about by 10 mM
oxalate. Similar observation has been reported by Khademi et al. (2010) that at an
added concentration of 10 mM oxalate extracted significant P in the soluble phase
irrespective of whether it was added as acid or salt.

Although many reports show plant growth promotion and P content increase in
plants inoculated with P solubilizing bacteria and fungi (Gyaneshwar et al. 2002),
the implication of the role of organic acid has been primarily demonstrated in labo-
ratory media containing insoluble phosphates or by adding pure acids to soils. Ogust
et al. (2010) have recently demonstrated enhanced acidification of rhizosphere by
PSB in inoculated wheat seedlings using organic acid secreting Pseudomonas and
Bacillus. The best acidification obtained in their results was a modest drop in pH of
0.6 units with a gluconic acid secreting Bacillus strain. The authors found increased
proton extrusion by the plant roots and conclude that plant cell metabolism could be
altered by the inoculations. It remains to be seen whether the gluconic acid or other
acids that were reported in culture filtrates of the laboratory grown bacteria were
also found in rhizospheric soils.

3.2.2 Mineralization of Phytates

Phytates (salts of myo-inositol hexakisphosphate IHP) represent a significant pool
of organic phosphorus (Po), which may account for 29-65% of total soil P and is
largely unavailable to plants. Since general soil phosphatases are unable to initiate
hydrolysis of the phosphomonoester bonds of phytate, specialized enzymes known
as phytases, are required for hydrolyzing phytate to a series of lower phosphate
esters of myo-inositol and liberating phosphate (Vohra and Satyanarayana 2003).
Since the roots of most plants cannot directly utilize phytate-P (Hayes et al. 1999;
Richardson et al. 2000), phytate-mineralizing (PM) microorganisms inhabiting the
rhizosphere are considered important in increasing plant available P under condi-
tions where phytates are the major form of phosphate (Richardson et al. 2000; Unno
et al. 2005). Precipitation of phytates as insoluble salts of calcium, aluminium or
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pH drop from 8.0 to 3.2

Organic acids secreted: Gluconic No change in pH

acid 42 mM and acetic acid 25 mM Organic acids not secreted I
APPFUX, B0 ugmf of P released Negligible P released

Fig. 3.3 Ca-phytate dissolution by rhizobacterial isolate Pantoea sp. PPI in minimal medium
with carbon sources Glucose (a) and Glycerol (b). Note the insoluble Ca-phytate in flask B (Source:
Patel, K. J., Naresh Kumar, G. and Archana, G. Unpublished data)

iron as well as adsorption of phytate ions to soil particles (Turner et al. 2002) makes
them resilient to enzymatic hydrolysis by all the major types of phytases (Tang et al.
2006). Organic acid secretion by bacteria possessing phytase activity enhances the
release of P from Ca-phytate, a P source largely unavailable to plants (Patel et al.
2010a). The secretion of organic acids depends on the C source and this in turn
determines Ca-phytate mineralization (Fig. 3.3). The release of free phosphate from
Ca-phytate correlated well with drop in pH in case of native rhizobacterial strains as
well as genetically modified rhizobacteria that over-expressed the phytase appA
gene (Patel et al. 2010b) indicating that high levels of phytase are insufficient to
hydrolyse insoluble or poorly soluble phytates without organic acids. Gluconate
was one of the effective organic acids supporting Ca-phytate solubilization along
with acetate (Patel et al. 2010a).

3.2.3 Iron Availability

By lowering the pH of the rhizosphere, organic acids bring about simple dissolution
of metal complexes particularly for metals like Fe, Zn, Mn that become more solu-
ble with decreasing pH (Jones 1998). In addition, the organic acid anions can form
organo-metallic complexes with metal ions, and bring about dissolution of minerals
as well as desorption of metal ions adsorbed to soil matrix. Citrate secretion is a
major mechanism adopted by Bradyrhizobium japonicum for sequestering Fe under
Fe starvation conditions (Carson et al. 1992). Gyaneshwar et al. (1998) demon-
strated the release of Fe in soil solutions from an alkaline vertisol upon shaking for
15 min with organic acid solutions. Fe could be extracted in solution in the range of
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27-143 puM concentrations by different organic acids in the order citrate
(20 mM)>citric (10 mM)~tartaric (20 mM)>gluconic (50 mM)>gluconic
(20 mM) = tartaric (10 mM) >lactic (100 mM). The soil solution (1 g/ml) pH in case
of all of the acids was in the range of 4-6.5. Jones et al. (1996) reported that at pH
values <6.8, citrate formed stable complexes with Fe and dissolution of Fe-oxides
proceeded rapidly. An interesting observation was that oxalic acid, which was most
effective at P release from the same soil, failed to bring about Fe release, even
though there was a significant drop in soil pH.

3.2.4 Potassium Solubilization

Potassium (K) in soils predominantly exists in silicate forms viz microcline, musco-
vite, orthoclase biotite, fieldspars (Bertsch and Thomas 1985). Bacterial strains
secreting organic acids solubilized rock K mineral powder, such as mica, illite, feld-
spar and orthoclases (Friedrich et al. 1991; Ullman et al. 1996; Girgis et al. 2008).
Phosphate solubilizing Bacillus mucilaginosus, Bacillus edaphicus and several
Bacillus strains release K from minerals (Sheng et al. 2002; Sugumaran and
Janarthanam 2007; Girgis et al. 2008). Bacillus strains produced oxalic, citric,
fumaric acids in low amounts (~1 mM) but tartaric acid was secreted upto ~10 mM
(Girgis et al. 2008). These organic acids were secreted in higher amounts when
grown in the presence of CaP minerals as compared to K minerals. K amount in soil
solution and plants were increased by P. mucilaginosus (Sheng et al. 2002). P. muci-
laginosus inoculation increased the availability of P and K in soil and in pepper, egg
plant and cucumber tissues leading to their improved growth (Han and Lee 2005,
20006; Hu et al. 2006).

3.2.5 Alleviation of Metal Toxicity

Mechanism for overcoming the metal stress is by chelating the harmful metal ions
by low molecular weight organic acids. Citric, malic and oxalic acids in plant exu-
dates have been implicated in the sequestration and detoxification of phytotoxic
metal ions particularly Al** (Dakora and Phillips 2002). Gluconic acid secreting
P-solubilizing Enterobacter asburiae PSI3 could enhance growth of mung bean
seedlings in the presence of phytotoxic levels of Cd** (Kavita et al. 2008). In addi-
tion to gluconic acid, oxalic, malic and succinic acids were also demonstrated to
ameliorate Cd toxicity. Indirect beneficial effects are exerted by several PGPR
which promote plant growth by secreting siderophores thereby helping to overcome
the metal stress (Amico et al. 2008; Jing et al. 2007). While citric and oxalic acids
have been implicated in effective chelation of Cu (Gadd 1999), gluconic acid
secreted by E. asburiae PSI3 isolated from alkaline vertisols reported in conferring
Cu tolerance to Vigna radiata (mung bean) (Srivastava 2003).
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3.2.6 Zinc and Other Metal Mobilization

Rhizobacteria can bring about dissolution of zinc (Zn) from the nonlabile phase and
enhanced Zn accumulation by Thlaspi caerulescens (Whiting et al. 2001). They
also promoted accumulation and volatilization of selenium (Se) by Indian mustard
(De Souza et al. 1999). Li et al. (2010) have recently shown that Burkholderia cepa-
cia, isolated from the rhizosphere of plant growing in metal contaminated habitats
was able to mobilize Zn and Cd from various insoluble forms in the order
ZnCO,>CdCO,>Zn0 >>PbCO,. The dissolution of minerals was associated with
a large drop in pH due to the production of formic, acetic, tartaric, succinic and
oxalic acids. These results show that the combination of metal hyperaccumulating
plants and associated rhizobacteria helps to achieve better metal accumulation in the
plants and to remediate soils contaminated with heavy metals.

3.3 Isolation of Organic Acid Secreting Rhizobacteria

Procedures for isolation of organic acid producing PSB from soils of diverse geo-
graphical locations are simple and exploit acidification of the medium observed as
a zone of dissolution/clearance of the insoluble forms of calcium phosphate (CaP)
complexes or monitor the change in the colour of pH indicator (Fig. 3.4). Most labo-
ratory media are formulated using dicalcium phosphate, tricalcium phosphate or
hydroxyl-apaptites as complex CaP source. Pikovaskaya’s (PVK) agar (Pikovskaya
1948) is one of the classical medium that allows isolation of any microorganism that
can solubilize simple dicalcium phosphate. However, the limitation with this quali-
tative assay is that those bacteria which did not form clear halos with PVK agar
could solubilize various types of insoluble inorganic phosphates in liquid medium,
a problem which could not be overcome even by modifying the composition of
PVK agar to include the pH indicator bromophenol blue (to visualize yellow-colored

Fig. 3.4 P-solubilizing phenotype on different screening media. (a) PVK agar (b) Buffered TRP
agar (Source: This laboratory)
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halo) to improve the clarity of the assay results. Another disadvantage with PVK
agar was use of yeast extract in the medium which makes the medium composition
undefined. To overcome this and to have an effective though qualitative screen for
isolation of efficient P-solubilzing microorganisms, NBRIP medium was formu-
lated which contained Ca,(PO,), as insoluble phosphate and glucose as carbon
source in addition to other minimal salts (Nautiyal 1999). Although on agar plate
assays the efficiency of NBRIP was similar to that of PVK agar, NBRIP showed 3
fold higher efficiency as compared to PVK in broth assay.

Two major constraints of both PVK and NBRIP media are that the sources of
insoluble P were the easiest to solubilize and that media were unbuffered. Because of
both these factors, bacteria secreting low amount of weak acids could also be selected.
Gyaneshwar et al. (1998) demonstrated the importance of buffering of the screening
medium in ascertaining the efficacy of PSB. Two PSB strains Citrobacter koseri and
Bacillus coagulans selected using conventional screening media could solubilize
both rock phosphate and di-calcium phosphate in unbuffered medium but failed to
solubilize rock phosphate in buffered medium. Furthermore, these PSB could not
release any detectable P from alkaline Indian vertisol soils supplemented with carbon
and nitrogen sources. The organic acids secreted by the two PSB (C. koseri: 0.1 mM
oxalic, 0.8 mM succinic and 1.2 mM citric acids and B. coagulans:1.3 mM succinic,
1.4 mM lactic, 1.4 mM citric and 4.7 mM acetic acids) were 20-50 times less than
that required to solubilise phosphorus from alkaline soil. Hence, a PSB demonstrated
to be efficient using PVK/NBRIP medium might not be able to perform efficiently
under soil conditions since most soils contain more complex mineral phosphates like
rock phosphates, FeP and AIP, and have high buffering capacity.

Gyaneshwar et al. (1999) proposed a novel medium for the isolation of PSB
which was a defined minimal medium buffered with 100 mM Tris Cl (pH 8.0)
(mimicking the buffering capacity of alkaline vertisols), nitrate as N source and
Senegal RP as the P source with glucose as C source along with other essential salts
(TRP medium). The P-solubilization phenotype on TRP medium, indicated by for-
mation of a red zone around the microbial growth (Fig. 3.4b), would be seen only if
the microorganism secreted sufficient organic acids in amount/strength high enough
to overcome the buffering and result into colour change of pH indicator dye methyl
red. Hence, this buffered medium not only gives a clear qualitative analysis of
P-solubilizing phenotype but also helps to isolate most efficient PSB as compared
to PVK and NBRIP media. Using this medium, the PSM count was found to be 2
orders of magnitude lower than that obtained using unbuffered medium (Gyaneshwar
et al. 1999). Enterobacter asburiae obtained using this screening medium could
release soluble P, although transiently, from alkaline vertisol accompanied with a
large drop in the pH of the soil solution when supplemented with C and N.

Thakuria et al. (2004) have demonstrated that there is no statistically significant
relation between the pH decrease in the PVK broth and its soluble P content, which
indicates that the solubilizing activity may occur of because of factors other than the
production of organic acids. In another study, Johri et al. (1999) reported an increase
in the solubilizing activity by the NBR14 and NBR17 strains cultured in NBRIP
medium when NaCl was replaced by CaCl, or KCl and incubated at 30°C. Also they
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found an increase in the P solubilizing activity when bacterial strains where incubated
at 37°C rather than at 30°C. These data clearly indicate the influence of the salt
source and the incubation temperature on the phosphate-solubilizing activity on the
NBRIP medium. Several studies have shown that the composition of the medium
affects the phosphate-solubilizing activity (Gibson and Mitchell 2004) as well as
nature of C and N source (Reyes et al. 1999; Nahas 2007), the type of soil (Nautiyal
et al. 2000), and the location from where the bacteria were isolated (Coenye and
Vyame 2003). On the other hand, Enterobacter asburiae PSI3, Pseudomonas
aeruinosa P4 and Serratia marcescens EB 67 isolated using TRP medium are
reportedly the most efficient P-solubilizing bacteria, secreting high amounts of
gluconic acid (Buch et al. 2008).

3.4 Pathways of Organic Acid Secretion by Rhizobacteria

Rhizobacteria secrete organic acids as end products or by-products of primary
metabolism. In most cases, sugars are catabolized by glycolytic or Entner-Doudroff
pathways. Some of the bacteria have phosphotransferase system involved in the
uptake-coupled with phosphorylation of various sugars and sugar alcohols utilizing
phosphoenol pyruvate as the high energy phosphate (Deutscher et al. 2006). The
nature and amount of organic acid secreted by rhizobacteria are governed by the
presence of pathway, the regulatory circuits that control the fluxes of metabolic
pathways, the availability of electron acceptors, and presence of unique pathways
(Table 3.2). Hence, the nature and amount of organic acid secreted by a particular
rhizobacterium is not only dependent on its metabolic potential but also on the
metabolism of the plant since the availability of carbon sources and electron accep-
tors depends upon root exudation. Environmental conditions also determine the
type of acid secreted by the rhizobacteria. For example, Enterobacteriacae mem-
bers are known to secrete acetic, formic, lactic, fumaric and succinic acids under
anaerobic conditions but secrete acetic and pyruvic acids under aerobic conditions
(Fuhrer et al. 2005; Sauer and Eikmanns 2005). The amount of the organic acid
secretion may differ between members of the same genus and sometimes between
strains of the same species (Vyas and Gulati 2009) due to presence or absence of
enzymes (Buch et al. 2010). Organic acids of aerobic or anaerobic respiration such
as gluconic acid, 2-ketogluconic acid are directly formed extracellularly or in the in

Table 3.2 Major metabolic routes of organic acid secretion by rhizobacteria

Anaerobic Aerobic Unique
Fermentation respiration respiration High Metabolic Flux  pathways
Acetic, Formic, Isovaleric, Fumaric, Gluconic, Acetic, trans- Aconitic, Tartaric,
Isobutyric, Ketobutyric, Isobutyric 2-ketogluconic Citric, Glyoxalic Itaconic
Lactic, Malonic, Maleic, Malic, Oxalic,

Propionic, Succinic Pyruvic
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Fig. 3.5 Pathways and enzymes involved in organic acid biosynthesis by rhizobacteria. The organic
acids secreted are depicted in boxes. The diagram depicts a comprehensive set of pathways — all
may not be present in any given organism. Abbreviations: GDH glucose dehydrogeanse, GADH
gluconate dehydrogenase, GA-5-DH gluconate-5-dehydrogenase, glk Glucokinase, zwf
Glucose-6-phosphate dehydrogenase, gntk Gluconate kinase, edd 6-phosphogluconate dehydratase,
eda 2-keto-3-deoxy-6-phosphogluconate aldolase, ppc phosphoenolpyruvate carboxylase, pyc
pyruvate carboxylase, gltA citrate synthase, acnB Aconitase, icdA Isocitrate dehydrogenase, icl
Isocitrate lyase, sucAB o ketoglutarate dehydrogenase, sucDC succinyl-CoA synthetase, sdhABCD
succinate dehydrogenase, fumABC Fumarase, frdABCD fumarate reductase, mdh Malate dehydro-
genase, sfcA malic enzyme, aceA Isocitrate lyase, aceB/glcB Malate synthase, GOE Glyoxalate
oxidizing enzyme, Idh Lactate dehydrogenase, aceEF-IpdA pyruvate dehydrogenase, pta phospho-
transacetylase, ackA acetate kinase A, poxB pyruvate oxidase, pfl pyruvate formate lyase

the periplasm by the membrane bound enzymes (Fig. 3.5). However, organic acids
formed by intracellular enzymes require specific transport proteins that aid in their
extracellular secretion. Mono-, di- and tri-carboxylate transporters are located in the
plasma membrane mediate their secretion.
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3.5 Factors Affecting Organic Acid Secretion by Rhizobacteria
and Their Ability to Function in Soils

3.5.1 Nature of Soils

Addition of organic acids decreases the pH of the alkaline vertisol soil solution in
the order Acetic=Succinic=Lactic <<Gluconic <<Oxalic < Tartaric =Citric and
results in P release in a similar order excepting that oxalic acid is better than
tartaric (Gyaneshwar et al. 1998). Fe is also released, although to a much lesser
extent, correlated with the acidification. On the other hand, in alfisols, with buff-
ering capacity much lesser than alkaline vertisols, acidification was much higher
by these organic acids but P release was negligible. When CaP rich rock phos-
phates were amended to alfisol, P was released although to a much lesser extent
than that found with vertisol (Srivastava et al. 2007). The influence of buffering
on phosphate solubilizing ability could be mimicked in the laboratory medium for
detecting the solubilization of CaP complexes by incorporating 100 mM Tris-Cl
buffer of pH 8.0 (Gyaneshwar et al. 1998; Joseph and Jisha 2009). Under the
buffered conditions the phosphate solubilizing ability of PSB diminished
(Gyaneshwar et al. 1998).

3.5.2 Availability of Sugars

The bacterial population in the rhizosphere is 10 times higher than that in bulk soil,
but it is 100-fold lower than during growth in the average laboratory medium.
Therefore, the lifestyle of rhizobacteria in situ can be best characterized as starva-
tion and depends on nutrients from the plant root exudates which mainly consist of
sugars, sugar alcohols, organic acids and amino acids (Dakora and Phillips 2002).
However, the nature and abundance of the root exudates are highly variable depend-
ing on the plant species concerned, type of soil, age, and physiological state of the
plant, and nutrient availability to the plant (Bais et al. 2006). Rhizosphere also
contains sugars which are derived from cellulose and hemicellulose. Thus glucose,
fructose, sucrose, xylose and L-arabinose are some of the sugars available for
rhizobacteria.

Glucose dehydrogenase (GDH) located in the periplasm has been postulated to
be responsible for the secretion of gluconic acid by rhizobacteria. Because GDH of
certain bacteria can be of broad substrate specificity and can act on many aldose
mono- and disaccharides, it can help in production of corresponding aldonic acids
from these sugars. Cumulative acidity formed from the direct oxidation of mixture
of aldoses by GDH can help release P from rock phosphates under buffered condi-
tions when each of the sugars individually is present in too small quantities for
producing sufficient acidity (Sharma et al. 2005). Gluconic acid has not been
reported to be secreted by plants under any conditions and thus GDH mediated pH
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changes and organic acid secretion in the rhizosphere provides an attractive aspect
of rhizobacteria for biotechnological applications.

The role of organic acids of rhizobacterial fermentation such as acetic, lactic,
succinic, is not clear as plant roots also secrete some of these acids (Jones 1998).
However, it is interesting to note that nature of organic acids secreted by bacteria
can depend on the availability of carbon sources. Citrobacter DHRSS secretes high
amount of gluconic acid in the presence of glucose and maltose (Patel et al. 2008).
On the contrary, acetic acid is high and gluconic acid was absent when this bacterium
was grown on sucrose and fructose.

3.5.3 Catabolite Repression and Other Regulations
of Organic Acid Production

Gluconic and 2-ketogluconic acids are formed by the action of periplasmic GDH
and GAD enzymes. Gluconic acid secretion in Enterobacter asburiae PSI3 was
enhanced under P deficient conditions by increased GDH activity indicating this
pathway to be regulated by phosphate starvation response (Gyaneshwar et al.
1999). Similarly GDH mediated gluconic acid production in Erwinia herbicola
was also induced under phosphate starvation (Goldstein and Liu 1987). Fluorescent
pseudomonads also secrete gluconic and 2-ketogluconic acids by direct oxidative
pathway involving GDH which in turn is dependent on the glucose concentra-
tion and nature of electron acceptors (Lessie and Phibbs 1984). Unlike
Enterobacteriaceae members, pseudomonads have oxidative mode of metabolism
rather than fermentative and preferentially catabolize organic acids over sugars.
This is reflected in the existence of a ‘reverse’ catabolite repression control
(as compared to Enterobacteriaceae) where certain organic acids such as succinate,
citrate are utilized as preferred carbon sources and repress the utilization of sugars
such as glucose. The catabolite repression is mediated by small RNA molecules
regulating the translation of the transcripts depending on the presence of carbon
and nitrogen sources (Sonnleitner et al. 2009). Rhizosphere contains various
nutrients derived from the root exudates and organic acids are released 0.5-165
pmol g root fresh weight s (Jones 1998). On the other hand, organic acids present
in the soil solution are in the range of 0.5-10 uM. Thus, gluconic and 2-ketogluconic
acid secretion by fluorescent pseudomonads could be influenced by the presence
of organic acids in the root exudates. Phosphate solubilizing ability of gluconic
acid secreting Pseudomonas aeruginosa strains was repressed by the presence
of weak organic acids like succinate and malate (Patel et al. 2011). This was cor-
related with a nearly 80% decrease in the activity of the GDH but not gluconate
dehydrogenase (GAD) in both the isolates. This is of relevance in rhizospheric
conditions where both sugars and organic acids are expected to be available
(Dakora and Phillips 2002), and is a new explanation for the lack of field efficacy
of such PSB.
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3.5.4 Nature of Nitrogen Source

Acidification is attributed to organic acid secretion by rhizobacteria. However,
nature of nitrogen source can contribute towards acidification. Uptake of ammo-
nium ion is associated with extrusion of protons (Roos and Luckner 1984). Phosphate
solubilization due to acidification significantly decreased in the presence of KNO,
as compared to that on NH,Cl (Gyaneshwar et al. 1998; Sulbara’n et al. 2009).
Soils, even those supplemented with nitrogenous chemical fertilizers, have nitrate
but not ammonia due to highly efficient nitrification by soil bacteria.

3.5.5 Nature of Phosphate Complexes

Vyas and Gulati (2009) studied the organic acid secretion by several Pseudomonas
strains when grown on tricalcium phosphate and three types of rock phosphates
and found significant variation in the nature and amount of organic acids produced.
Gluconic acid was commonly produced in high quantities on all the mineral
phosphate sources accounting for 80% or more of the total acidity. Minor acids
produced differed in amounts, most notable being malic, succinic and 2-ketogluconic
acids which were found to be secreted by the strains in relatively higher amounts
on tricalcium phosphate as compared to the rock phosphates. On the other hand, all
three types of rock phosphates brought about the stimulation of oxalic acid secre-
tion by most of the strains; this acid was below detection limits on tricalcium phos-
phate. Similar findings have been reported for Acenitobacter rhizosphaereae
(Gulati et al. 2010).

3.5.6 Environmental Factors

Phosphate solubilizing Acinetobacter CR 1.8 growth was not much affected up to
15% NaCl concentration in nutrient rich medium (Chaiharn and Lumyong 2009).
Enterobacter asburiae PSI3 also could show P-solubilization ability up to 750 mM
NacCl in buffered conditions (Gyaneshwar et al. 1998). However, in other bacteria,
phosphate solubilization decreased even at 2.5% NaCl (Malboobi et al. 2009).
Thermotolerant phosphate solubilizing bacteria retained their ability to solubilize
tricalcium phosphate, Al phosphate, Fe phosphate and rock phosphates at 50 °C
and in some cases their efficacy was better than that at 25 °C (Chang and Yang
2009). However, Acinetobacter CR 1.8 P-solubilization on tricalcium phosphate,
rock phosphate and aluminum phosphate was significantly affected by increase in
temperature. Maximum solubilization was found at 25 °C, decreased upto 2 fold
at 37 °C and very less at higher temperatures (Chaiharn and Lumyong 2009;
Malboobi, et al. 2009).
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3.6 Future Perspectives

Nature and amount of organic acids in the rhizosphere is determined by the plant
root exudates as well as the by rhizobacteria. Since both plant exudation as well as
rhizobacterial secretion of organic acids is variable, it will be interesting to determine
the organic acids levels in the rhizosphere in the presence and absence of natural
microflora and upon inoculation of different rhizobacteria secreting organic acid. In
spite of being one of the abundant groups of rhizobacteria, the role of actinobacteria
in organic secretion is not known. Actinobacteria may also determine the diversity
of rhizobacteria as they are known to secrete efficient antibacterial and antifungal
compounds. Many rhizobacteria are known to secrete variety of organic acids.
However, the biochemical pathways involved in many of these are yet to be deci-
phered and their regulation is unknown. Unraveling the pathways would enable us
to design strategies for manipulating the rhizobacteria to secrete high levels of
organic acids. Although P and K solubilization, and iron availability are known to
be determined by acidification, PSB are not been well-investigated for their role in
K solubilization and improving iron availability to plants.

3.7 Conclusions

Several rhizobacteria secrete a large variety of organic acids. These organic acids
promote plant growth predominantly by providing phosphate from inorganic and
organic soil phosphates. Role of organic acids in solubilizing K minerals is becom-
ing significant. The organic acids improve iron availability by acidification of the
soil and some of them chelate iron as siderophores. Organic acid mediated changes
in metal mobility are important for alleviation of phytotoxicity. Organic acid secre-
tion by rhizobacteria is influenced by many soil components. The nature of organic
acid secretion appears to be associated with bacterial physiology. Overall, the
organic acids are gaining more importance in plant growth promotion.
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Chapter 4
Organic Farming: For Sustainable Production
and Environmental Protection

M.LN. Sreenivasa

Abstract Organic farming, an age old and traditional agriculture system of India is
being practiced by several lakh farmers in our country. However it requires scien-
tific out look to get fruitful results. High cost of chemical fertilizers and indiscrimi-
nate use of pesticides has already resulted in environmental pollution. This inturn
affected the human health, biodiversity and soil health. Farming community is
enthusiastic to use chemical fertilizers instead of organic manures as their prepara-
tion is time consuming and laborious. The chemical fertilizers can supply 2-3 nutri-
ents while crop requires 20-25 nutrients for its growth and yield. The organic
manures and bioinoculants can meet the crop requirements. Many scientists have
come out with the efficient inoculants which can supply not only nutrients to crops
but also protect them from pest and disease attack. This chapter deals with the
importance of different organic manures, microbial inoculants and bioagents in crop
production and crop protection.

Keywords Organic farming ® Environmental protection ® Organic inputs * Microbial
inoculants ¢ Biocontrol

4.1 Introduction

Organic farming introduces a change in the farming system that aims at maximum
output in the cropping pattern and take care of optimal utilization of resources. The
soil fertility can be maintained and improved in a sustainable manner by a system
which optimizes soil biological activity in organic agriculture. The pest and disease
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management is attained by means of crop selection, rotation, water management
and tillage in addition to use of biopesticides. The organic agriculture encourages a
balanced host/predator relationship through augmentation of beneficial insect
population.

Organic farming is practiced in more than 120 countries in the world covering an
area of 30 Mha. In India, it is around 13 lakh hectares cultivated by 7,15,000 farmers
using organic principles and practices accounting for production of 19 lakh tones of
rice, wheat, pulses, cotton, oilseeds, spices, tea, coffee, fruits and vegetables during
2008-2009 (Yadav 2009). The area under organic agriculture is gradually increasing
and it may take 2-3 years to achieve sustainability under organic production system.

Organic farming should be taken as means of enhancing soil fertility, soil health and
productivity without causing environmental pollution. High cost of chemical fertiliz-
ers, indiscriminate use of pesticides which affected human health, biodiversity in addi-
tion to environmental pollution and global warming due to rise in carbon pool, methane
efc are causing major concern to the society in general and farmers in particular.

Today, India requires nutritional security in addition to food security. It is a fact
that the nutritional requirement has been neglected grossly in an anxiety to enhance
food production in the country. India stands at 124th position in the developmental
Index because of poor/malnutrition. In addition to poor health of human beings and
animals, Indian soils too are starving for want of nutrients especially micronutri-
ents. The country’s poverty lies in the poverty of our soils. The nation’s wealth lies
in the fertility of its soils. The cosmetic approach to enhance food production
through the application of higher amount of fertilizers, though, was successful in the
beginning but later not only failed to meet the target but also has done considerable
damage to the health of soil, human beings and animals.

Based on the research data generated at CRIDA, Hyderabad, from past two to
three decades, it is evident that chemical fertilizers have significantly contributed to
improved productivity of rainfed crops. However, the sustainability of higher yields
over a period of time was possible only when optimum nutrients were supplied
through organics or in a combination of organics and chemical fertilizers but not
when supplied as chemical fertilizers alone (Hegde et al. 1998).

4.2 Crop Diversification as a Tool for Sustainability

Crop diversification is the essence of cropping system which is a practice of intro-
ducing a change in crop combinations and is an effective strategy for achieving food
and nutritional security, income growth, poverty alleviation, employment genera-
tion, judicious use of land and water resources and, improvement in environment.

The crop diversification is one of the key principles of organic farming as it
enhances soil fertility whenever legumes are included in addition to avoiding several
pests and diseases.

The cropping system influences the soil microflora. The dynamics of soil
microflora and soil enzymes was studied is a long term integrated nutrient management



4 Organic Farming: For Sustainable Production... 57

experiment in a fixed site in two cropping systems at UAS, Dharwad. Both soil
microflora and soil enzymes were highest in groundnut-sorghum cropping system
as compared to sorghum- safflower cropping system. The organic C, available N,
available P, soil microflora and enzyme activities increased significantly with the
application of organic manures along with inorganic fertilizers. Positive correlation
was observed between soil microflora, soil enzymes and nutrient availability. These
results highlight the significance of application of organic matter in maintenance
of soil fertility and bio-dynamics (Sreenivasa 2009).

4.3 Principles of Organic Farming

e Soil building by conservation and management of organic matter through inte-
grated nutrient supply systems viz., crop rotation, organic manures (enriched com-
post, vermicompost), green manures, crop residues, oil cakes, bio-fertilizers etc.

* Building healthy soil by nourishing the living components of soil and, better
holding, release, transformation and transfer of nutrients.

* On-farm conservation, development and efficient utilization of natural resources.

e Prevention of pests and diseases through good plant nutrition, management,
healthy plants and safe treatment viz., biopesticides, traps, barriers etc.

e Crop rotation/intercropping/multiple cropping, change in the field ecology,
effectively disrupting habitat of weeds, insects and diseases.

* Crop diversification to change the field ecology, effectively disrupting habitat of
weeds, insects and diseases.

e Working in harmony with nature and agro-eco system management.

* Enriching the soil, encouraging bio-diversity and reduction of the toxic bodies.

e Employing sound cultural production practices.

» Replacing synthetic fertilizers, chemicals and pesticides.

* Providing attentive care for farm animals.

* Handling the agricultural products without the use of extraneous synthetic
additives or processing in accordance with the act and the regulations.

e Creation of a safe environment for people and wild life.

e Production of nutritious food of high quality.

¢ Generation of more income and employment opportunities for rural people.

e Crop production according to the National Standards for Organic Production.

4.4 Organic Inputs

Today, more than 2,000 million tones of animal wastes, 350 million tones of crop
and agricultural wastes, 100 million tones of sugar industrial wastes etc are avail-
able in India in addition to a large quantity of other agro industrial wastes. By the
year 2015, about 25 MT of chemical fertilizers are required and certainly there
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would be a short fall of 10 MT of chemical fertilizers. In this situation, organic
manures viz compost, vermicompost, biofertilizers, green manures etc, can be used
as better alternatives.

4.4.1 Compost

Composting is a controlled biooxidative process and compost is the stabilized and
sanitized product of composting. Compost making include three important and vital
scientific principles namely the narrowing down C:N ratio to a satisfactory level
(12:1 or 10:1), the destruction of harmful pathogens and weed seeds due to high
temperature evolved during decomposition and stabilization (humification)

There are several methods of composting: Indore method, windrow method,
NADEP method, Coimbatore method, Japanese method etc.

The heterotrophs play a key role in composting. Most of the agro residues are
lignocellulolytic in nature. Of late, several efficient lingocellulolytic microorgan-
isms have been identified. Among them, Phanerochete chrysosporium, Trichoderma
harzianum, Pleurotus sojarcaju, Paecilomyces fusisporus, Pycnoporus, Trichurus
spiralis etc are important in reduction of C: N ratio and biomass in addition to
enhancement in humic acid content of composted material.

Several efforts have been successfully made to improve the quality of compost
with free living nitrogen fixers and phosphate solublizers. The simple sugars pro-
duced during decomposition by cellulolytic microorganisms from carbohydrates
present in agroresidues are used by free living nitrogen fixers and P solubilizers for
their growth. The rock phosphate is also used to enrich P content in compost. In
general, compost contains 0.5—-1% N, 0.2-0.4% P and 1-1.5% K in addition to sev-
eral micronutrients. However this composition varies slightly with the ingradients
used for composting.

4.4.1.1 Enrichment of Compost

The enrichment of compost by adding low grade rock phosphate offers a potential
preposition for the effective utilization of insoluble P. The enriched organic manure
can be prepared in the farmers field by mixing compostable material (90 parts
agroresidues: 10 parts animal residues) plus 25% rock phosphate and kept for 90 days
with mixing at regular intervals (15 days). About 50% of the insoluble P is converted
into soluble P (6-8% P,0,) in the phospho-compost. The field trials conducted with
phospho-compost on pearl millet, wheat, pigeonpea, green gram and cluster bean
showed comparable results with recommended dose of super phosphate even in
neutral to alkaline soils. The use of Aspergillus awamori was found beneficial
in improving the quality of rock phosphate amended compost (Gaur 2001).
Thyagarajan and Arulraj (1993) reported the enrichment of pressmud by micro-
organisms.In a pot culture experiment, enrichment of pressmud with Aspergillus
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fumigatus, Bacillus subtilis Pluerotus sp and Trichoderma viride with additives like
urea and cow dung was done for 45 days. Soil physical properties like water holding
capacity, bulk density and pore space improved with enriched pressmud as compared
to untreated pressmud. More fungal and bacterial population was observed. Total
nitrogen per cent, available N and total P content also increased and had narrow C:N
ratio as compared to untreated press mud.

Jisha and Alagawadi (1996) studied nutrient uptake and yield of sorghum inocu-
lated with phosphate solubilising bacteria and cellulolytic fungus in a cotton stalk
amended vetisol. The treatment with dual inoculation of Trichoderma harzianum
and Pseudomonas striata with cotton stalks as an organic amendment and P in the
form of rock phosphate showed better growth, nutrient uptake and yield of sorghum
over the standard practice of supplying P in the form of super phosphate.

Senthilkumar et al. (2004) reported the effect of Zn enriched organic manure and
Zn solubilizer application on the yield, curcumin content and nutrient status of soil
under turmeric cultivation. A field experiment was conducted to study the effect of
FYM and Zn enriched coir pith with Zn solubilizers like Bacillus sp. The yield
increased by 21.6% than by using FYM alone. The Zn solubilizing bacteria proved
to have favorable effect on the availability of N, P, K, Mn and Ca availability.

Dayananda and Mallesha (2005) reported the effect of microorganisms enriched
mushroom spent coir pith on the growth of tomato. The Pleurotus florida (oyster
mushroom) spent coir pith enriched with microbial consortia (Azotobacter chroo-
coccum, Bacillus megaterium and Trichoderma harzianum) along with soil and
sand was found to be a better nursery mix for the growth of tomato seedlings.

Kavitha and Subramanian (2007) reported the effect of bioactive compost which is
a value added compost with microbial inoculants and organic additives. The normal
compost was transformed into bioactive compost by the addition of Azotobacter;
Pseudomonas, Phosphobacteria, poultry manure, rock phosphate and diluted spent
wash. This enrichment increased the nutritive value of compost. The highest N content
(1.75%) and P content (1.61%) was observed. The plant growth promoters like IJAA
and GA were more in this treatment. All these factors lead to increase in crop yield.

Rajarajan et al. (2009) worked on the effect of enriched organic wastes on avail-
able nutrients in soil and yield of coconut trees. The organic farm waste enriched
with Azospirillum and phosphobacteria along with green manure and coir pith com-
post enriched with rock phosphate was applied to the crop. They observed increase
in yield and reduction in cost of cultivation in both the cases. Intercropping with
pulse gave additional income.

4.4.2 Vermicompost: Wealth from Waste

Earthworms are the best known soil inhabiting animals and regarded as farmer’s
friend. Through there are 12 families in earthworm, the Indian subcontinent has
representative genera from 9 families and Family Megascolicidae is predominant in
the tropical and subtropical soils.
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Use of earthworms for waste management is one of the recent developments in
biological sciences. Earthworms feed on various organic wastes, break complex resi-
dues in to simpler water soluble substances. They ingest wastes, digest them in the gut
and defecate out fecal matter which is termed as “vermicompost”. This vermicompost
is rich in plant nutrients (1% N, 0.86% P205, 0.98% K,O, several micronutrients) in
addition to plant growth promoting substances, beneficial microflora etc.

There are two methods in vermicomposting: (1) surface vermicomposting,
(2) subsurface vermicomposting (Giraddi 2007).

Here also several scientists successfully developed a technology for enrichment
of vermicompost on similar lines of enrichment of compost using free living nitro-
gen fixers and P-solubilizers (Rajendran et al. 2000). Working on the enrichment of
vermicompost by using Azospirillum and Pseudomonas striata, Sreenivasa (2010)
reported the shelf life of enriched vermicompost to be 2 months after its enrichment.
Both these inoculants were mixed with residues @ 1 kg each after 1 month during
vermicompost preparation. The use of enriched vermicompost resulted in improve-
ment in growth and yield of tomato and chilli (Sreenivasa 2010).

Neethasharma (1994) reported the recycling of organic wastes through earth-
worms as an alternate source of organic fertilizer for crop growth in India. She used
maize and wheat as test crops. Increase in yield and improved status of N, P, K and
micronutrients availability was observed.

Sailajakumari and Ushakumari (2002) reported the effect of vermicompost
enriched with rock phosphate on the yield and uptake of nutrients in cow pea. They
observed that the treatment given with enriched vermicompost showed maximum
yield and uptake of nutrients like N, P, K, Ca and Mg. The maximum yield of
1,072 kg/ha was recorded with enriched vermicompost as compared to vermicom-
post only (877 kg/ha).

4.4.2.1 Vermitechnology in Pest Management

On organic nourishment, crop gets balanced nutrition with major, minor and second-
ary nutrients besides other substances such as PGRS, antibiotics efc which make the
plants to develop defensive mechanisms against crop pests. Acceleration in enzyme
activity (peroxidase, catalase, alkaline phosphatase efc) and secretion of plant metab-
olites (proteins, sugars, phenols, tannins efc) make the plant resistant (induced resis-
tance) and more vigorous (tolerance) so that it is well placed in fighting against pest
menace as compared to inorganically nourished crop (Giraddi 2000).

4.4.2.2 Vermiwash

Generally vermiwash is collected by spraying clean water on vermicompost and is
stored in plastic/earthen containers.

Of late, vermiwash is very much used by organic growers for spray @ 20% concen-
tration to different crops during flowering stage as it contains nutrients and plant growth
harmones. It is known to impart phytoresistance against pest and disease attack.
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Table 4.1 Percentage of nutrients in different oil cakes

SI. no Name of oil cake N (%) PO, (%) K,O (%)
1 Honge cake 3.97 0.94 1.27
2 Neem cake 5.22 1.08 1.48
3 Castor cake 4.37 1.85 1.39
4 Cotton seed cake

a Decorticated 6.41 2.89 2.17

b Undecorticated 3.99 1.89 1.62
5 Groundnut cake 7.80 1.90 1.30
6 Niger cake 4.73 1.83 1.31
7 Sesamum cake 6.22 2.09 1.26
8 Safflower cake

a Decorticated 7.88 2.20 1.92

b Undecorticated 4.92 1.44 1.23

4.4.3 Cakes

Generally cakes are prepared from botanicals which are not used for human
consumption. Ex. Neem cake, pongamia cake etc are being applied to the field
@ 250-500 kg per hectare to supply nutrients (Gupta 1999) in addition to imparting
phytoresistance against crop pests and diseases. The nutrient content of different
cakes is given in Table 4.1.

4.4.4 Green Manure

The role of green manures in improving soil fertility and supplying a part of nutrient
requirement of crops is well known as early as 1134 BC from China.

Green manure refers to fresh plant matter which is added to the soil largely for sup-
plying the nutrients contained in biomass. Green manures must be grain legume plants
such as green gram, cowpea, soybean efc or perennial woody multipurpose legumes
like Crotolaria, Sesbania, Centrosema, Stylosanthus, Desmodium etc. Leguminous
plants are preferred as green manures due to their symbiotic N, fixing capacity.

The effect of green manures on crop yield varies considerably according to
chemical composition and soil characteristics. Generally, soils with poor fertility
respond better to the application of green manures with

4.4.4.1 Advantages of Green Manuring

Green manuring results in the improvement of physical, chemical and biological
processes in soil through nutrient conservation especially those nutrients which are
susceptible for leaching losses. The plants used for green manuring have deeper root
system thus make nutrients to concentrate in the surface layers of soil in addition
reduction in losses of surface soil by wind and water erosion. Because of deeper root
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system, subsoils will become porus. Green manuring also helps in the reclamation
of saline and alkaline soils by release of organic acids. Majority of studies revealed
that green manure can provide N to an extent of 50-100 kgs. The best examples in
this regard are Dhaincha, Sesbania rostrata, Aeschynomene spp which are used
extensively in rice production. In water logged soils, green manure increases
availability of P through mechanism of reduction, chelation and favourable
changes in soil pH and this effect is more pronounced in acidic and sodic soils.
Many scientists have reported higher availability of K (10-12%) Ca, Mg efc in
soils due to green manuring.

All these additive positive effects of green manuring resulted in higher yield of
chilli (Hiremath 2008) and rice (Hiremath and patel 1996).

4.4.5 Other Organic Manures

4.4.5.1 Biogas Spent Slurry

It contains nutrients @ 2% N, 0.8% PO, and 1.5% K,O in addition to several micro-
nutrients. Hence, it is being used as organic manure in crop production. Several scien-
tists have developed technologies for its enrichment using low grade rock phosphate
which when used for crop production has resulted in higher growth and yield.

Poultry manure and piggery manure too are being used @ 2 tones/ha for crop
production. However it is suggested that poultry manure may be allowed for aerobic
decomposition for atleast 1 week before its application to field.

4.4.6 Liquid Organic Manures

4.4.6.1 Animal Urine

Animal urine (especially cow urine) contains uric acid, sodium chloride, calcium
sulphate, magnesium sulphate efc. and its spray at 20% concentration enhances plant
nutrition. It is also used to suppress the pathogens like Sclerotium, Fusarium etc.

At the Institute of Organic Farming, UAS, Dharwad, the influence of different
concentrations of cow urine on the growth of Sclerotium and Fusarium was studied
using potato dextrose agar. The biological deterrent activity of cow urine on these
pathogens was clearly noticed at 20% concentration. However, cow urine spray at
20% did not inhibit the beneficial fungi, Trichoderma and Verticillium (Sreenivasa
2010) (Tables 4.2 and 4.3).

4.4.6.2 Panchagavya

It is prepared by mixing cowdung (7 kg) and Ghee(1 kg) and, stirring for 2 days
(2-3 times daily). Later, cow urine (3 L) and water (10 L) have to be mixed to this
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Table 4.2 Growth of organisms (diameter in cm) on Potato Dextrose Agar supplied with different
concentrations of cow urine

Cow urine concentration

Test organism 0% 5% 10% 15% 20% CD at P=0.01
Fusarium 7.67 7.17 5.00 3.27 0.60 0.45
Trichoderma 7.97 8.03 8.03 7.97 7.73 NS
Verticillium 6.93 7.23 6.83 6.87 6.93 NS

Table 4.3 Percent inhibition is calculated considering the growth of
organism at 0 percent cow urine as 100

Cow urine concentration

Test organism 5% 10% 15% 20%
Fusarium 6.51 34.81 57.36 92.17
Trichoderma Nil Nil Nil 0.50
Verticillium Nil 1.44 0.86 Nil

and stirred twice a day for 15 days. To this mixture, sugarcane juice (3 L) or
Jaggery(250 g), cow milk(2 L), curd(2 L), tender coconut water (2 L), yeast(100 g)
and ripened banana (12 no’s) have to be added and stirred twice a day for a fortnight
(Swaminathan et al. 2007; Sreenivasa 2010). Later, this mix can be fillired and used
as spray @ 3% concentration @ 500 L per hectare twice in the cropping period
i.e., during flowering and 15 days after first spray. This is also being used @ 500 L per
hectare along with irrigation water for irrigated crops. It will supply nutrients to the
crops in addition to stimulation of plant growth as it posses plant growth promoting
substances. Its spray enhances flowering and fruiting in crop plants inturn crop yield
because of the following reasons.

e Coconut water is the source of kinetin which increases the chlorophyll content of
the plant

* Sugarcane juice facilitates easy fermentation

e Cow milk contains plant growth promoters [AA, GA

It has an excellent sticker spreader property, Proline present in milk induce resis-
tance in plants, milk has antiviral property also

e Curd and buttermilk increase microbial activity

e Cow urine contain uric acid, sodium chloride, calcium sulphate, magnesium sul-
phate. (Sreenivasa et al. 2010)

4.4.6.3 Jeevamrutha

It is prepared by adding cowdung (10 kg), cow urine (10 L), jaggery (2 kg), pulse
flour (2 kg) and 500 g rhizosphere soil to 200 L water and stirring 5-6 times a day
for one week. It is used @ 500 L per hectare as spray on soil before sowing or it is
also used along with irrigation water.
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Table 4.4 Nutrient status of different organic liquid manures

Parameter Panchagavya Beejamrutha Jeevamrutha Biodigester
pH 6.82 8.2 7.07 7.29
Soluble salt (EC) 1.88 dsm™! 5.5dSm™! 3.40 dSm™' 1.09 dSm™!
Total Nitrogen 1,000 ppm 40 ppm 770 ppm 255 ppm
Total Phosphorus 175.4 ppm 155.3 ppm 166 ppm 79 ppm
Total Potassium 194.1 ppm 252.0 ppm 126 ppm 42 ppm
Total Zinc 1.27 ppm 2.96 ppm 4.29 ppm 0.52 ppm
Total Copper 0.38 ppm 0.52 ppm 1.58 ppm 1.24 ppm
Total Iron 29.71 ppm 15.35 ppm 282 ppm 9.60 ppm
Total Manganese 1.84 ppm 3.32 ppm 10.7 ppm 8.30 ppm

It is known to enhance biochemical activities in soil in addition to supply of
nutrients to crops.

4.4.6.4 Beejamrutha

It is prepared by tieing cowdung (5 kg) in a cloth and hanging the same in a bucket
of water (50 L) over night (8§—10 h). Later the dung tied in cloth has to be squeezed
frequently by dipping in water for 45 times. Then cow urine (5 L) and 50 g calcium
chloride has be added to this mix (Sreenivasa et al. 2009).

The seeds/setts/root system of seedlings have to be dipped for 5 min in this mix
before sowing/transplanting.

4.4.6.5 Biodigester

It requires a cement tank having 16 ft length, 10 ft width and 6 ft height. The botani-
cals mainly neem, calotropis, vitex, lantana, adathoda, Ipomea, custard apple and
agave (5 kg each) have to be added to the biodigester tank along with cow urine
(10 L), dung (10 kg), little quantity of rhizosphere soil (1 kg) and water (200 L).
This mixture should be allowed for fermentation for 3 weeks. The filterate can be
used @ 500 L per hectare for spraying on soil or along with irrigation water. It can
also be used @ 10% for spraying on the plants. It provides nutrients and growth
promoting substances to plants in addition to suppression of pests and diseases
(Sreenivasa 2010).

At the Institute of Organic Farming, UAS, Dharwad scientific validation of these
liquid organic manures has been done (Tables 4.4 and 4.5). The results indicated the
presence of nutrients, beneficial microflora (free living nitrogen fixers, P-solubilizers,
plant growth promoting rhizobacteria efc). Further the isolates have been screened
for production of plant growth promoting substances, biological deterrent activities
etc. Few isolates were found to posses both these beneficial traits (Table 4.6). The
bacterial isolate PB 9 was found to produce growth promoting harmones in addition
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Table 4.5 Microbial population in different organic products

Panchagavya  Beejamrutha  Jeevamrutha  Bio-digester

Bacteria (cfu/ml) 26.1x10° 15.4x10° 19.7x10° 12.6x10°
Fungi (cfu/ml) 18.0x 10° 10.5%x 10° 13.4x10? 9.6x 10?
Actinomycetes (cfu/ml) 4.20x10° 6.8x10° 3.5%x10° 2.8x10°
N, — fixers (cfu/ml) 2.7x10? 3.1x10? 4.6x10? 0.4x10?
Phosphate solubilizers (cfu/ml)  5.7x10? 2.7x10? 4.2x10? 1.9x10?

Table 4.6 N_-fixing and phosphate solubilisation capacity of bacterial isolates of panchagavya

Amount of N, fixed Phosphate solubilising

N,-fixing isolates mg/g carbon isolates Per cent Pi-released
AzP1 12.31 PPS1 4.32
AzP2 9.71 PPS2 2.13
AzP3 8.14 PPS3 2.63
AzP4 11.13 PPS4 8.22
AzP5 12.81 PPS5 7.70
AzP6 10.89 PPS6 1.64
AzP7 9.13 PPS7 2.78

Table 4.7 IAA and GA production and biocontrol potential of general bacteria isolated from
panchagavya

Biocontrol effect

Per cent inhibition

General bacterial of Sclerotium
Isolates TAA (ng/25 ml) GA (pg/25 ml) Result rolfsii
PB1 6.54 1.18 —-ve 5.5
PB2 4.80 2.09 —-ve 5.5
PB4 3.12 —ve —ve nil
PB5 4.37 —-ve +ve 87
PB6 -ve —-ve +ve 74
PB7 -ve -ve +ve 83
PB8 9.27 —-ve +ve 81
PB9 12.18 3.81 +ve 83
PB10 —ve —ve —ve 52
PB11 -ve 2.54 —-ve nil
PB12 3.81 -ve —-ve nil
PB13 -ve 1.54 -ve nil
PB14 5.18 —-ve +ve 76
PB15 9.09 1.27 +ve 80

to suppression of Sclerotium (Table 4.7). Further these isolates improved seedling
length and vigour index in addition to germination percentage in chickpea and
wheat (Tables 4.8 and 4.9) (Sreenivasa et al. 2009).

Similarly isolate BJ-5 from beejamruth was found to produce both IAA and GA
in addition to inhibition of Sclerotium to an extent of 88% (Table 4.10). Isolate BJ-5
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Table 4.8 Effect of inoculation of bacterial isolates of panchgavya on seed germination, seedling

length and vigour index in chickpea

Germination Seedling Seedling
percentage length (cm) vigour index
T1 — inoculated with PB1 94 26.13 2457
T2 — inoculated with PB2 92 26.21 2424
T3 — inoculated with PB3 88 23.95 2107
T4 — inoculated with PB4 90 25.06 2255
TS5 — inoculated with PB5 92 24.41 2244
T6 — inoculated with PB6 88 19.82 1743
T7 — inoculated with PB7 88 22.63 1991
T8 — inoculated with PB8 96 27.61 2650
T9 — inoculated with PB9 99 27.69 2741
T10 — inoculated with PB10 89 25.77 2292
T11 - inoculated with PB11 95 23.10 2194
T12 - inoculated with PB12 96 25.08 2407
T13 - inoculated with PB13 93 27.07 2519
T14 — inoculated with PB14 90 25.48 2292
T15 — inoculated with PB15 98 27.55 2699
T16 — uninoculated control 86 18.33 1575
SEM + 1.08 0.76 79.81
CD 4.22 2.98 310.34

Table 4.9 Effect of inoculation of bacterial isolates of panchgavya on seed germination, seedling

length and vigour index in wheat

Germination Seedling Seedling

Treatments percentage length (cm) vigour index
T1 — inoculated with PB1 92 22.24 2046

T2 — inoculated with PB2 88 20.6 1814

T3 — inoculated with PB3 91 20.48 1864

T4 — inoculated with PB4 91 24.4 2221

TS5 — inoculated with PB5 88 19.44 1711

T6 — inoculated with PB6 87 24.29 2113
T7- inoculated with PB7 92 20.29 1867

T8 — inoculated with PB8 95 26.5 2517

T9 — inoculated with PB9 99 28.5 2822
T10 — inoculated with PB10 95 23.64 2251
T11 - inoculated with PB11 91 26.81 2440
T12 — inoculated with PB12 92 27.48 2528
T13 - inoculated with PB13 98 18.19 1783
T14 — inoculated with PB14 90 23.65 2129
T15 — inoculated with PB15 99 25.02 2477
T16 — uninoculated control 85 16.5 1403
SEM + 0.55 0.34 36.79
CD 1.61 1.00 106.27
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Table 4.10 TAA and GA production and bio-control potential of bacterial isolates of beejamruth

Bio-control effect

Per cent
inhibition of
Isolate TIAA (n g/25 ml) GA (n g/25 ml) Result Sclerotium rolfsii
BJ-1 6.12 1.06 +ve 75
BJ-2 8.45 1.27 +ve 66
BJ-3 -ve 2.23 -ve Nil
BJ-4 4.13 —ve —ve Nil
BJ-5 11.36 3.13 +ve 88

also enhanced seed germination, seedling length and seeding vigor index in chick
pea and wheat (Tables 4.11 and 4.12) (Sreenivasa et al. 2009, 2010). Nileema and
Sreenivasa (2010) reported the effect of these organic liquid manures on the growth
and yield of tomato. The results clearly showed the improvement in soil biological
indicators such as microbial population and enzyme activities (dehydrogenase, ure-
ase, phosphatase) in addition to growth, yield, lycopene content in tomato with the
application of liquid organic manures.

Several field trials conducted on similarly lines from past 5 years at the Bio-farm,
Institute of Organic Farming, University of Agricultural Sciences, Dharwad clearly
proved the beneficial effects of these liquid organic manures when used along with
other organic manures (FYM, compost, vermicompost, green leaf manures) in terms
of growth and yield of soybean, groundnut, cotton, redgram, wheat, jowar, sugar-
cane, chilli, brinjal etc (Sreenivasa et al. 2010).

4.5 Microbes-Wheels of Organic Farming

In organic farming system, soil microorganisms play a pivotal role as the main driv-
ing force. The use of soil microbial technologies to improve the efficiency of farm-
ing and to ensure the safe management of the environment is an important
development because the ultimate success of human kind and the health of planet
relies on the development of efficient and sustainable agricultural system and
improved environmental stewardship. An acre of living topsoil contains approxi-
mately 900 1b of earthworms, 2,400 1b of fungi, 1,500 Ib of bacteria, 133 Ib of pro-
tozoa, 890 1b of arthropods and algae. Soil microbial biomass can be regarded as a
sink and a source of plant nutrients (Sreenivasa 2010).

4.5.1 Use of Microbial Inoculants in Organic Farming

Microbial inoculants are generally used in agriculture as biofertilizers to provide
nutrients to crop plants or as bioagents (biofungicides, biopesticides) to suppressw-
pathogens or crop pests. The success of inoculation always depend upon the ability
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of microorganisms to multiply and survive in the introduced environment. Further,
inoculants will be useful only when the organism is viable and sufficient in number
to bring out the desired changes.

4.5.2 Microbial Inoculants as Biofertilizers

4.5.2.1 Symbiotic Nitrogen Fixers

Several procaryotic organisms posses the ability to reduce the gaseous atmospheric
nitrogen to ammonical form with the help of the enzyme “Nitrogenase” present on
their cell membrane. The best and commonly known example is the inoculation of
rhizobia to legumes. Due to host specificity problem, rhizobiologists still follow
cross inoculation grouping to inoculate legumes. Rhizobium fixes atmospheric
nitrogen under symbiotic conditions in the root nodules of legumes and inturn will
be benefited from supply of photosynthates from leguminous plants.

Many a times, rhizobiologists stress the importance of inoculation of rhizobia
when native rhizobia are absent or ineffective or harmful. Some times rhizobia
fail to recognize the host and unable to bind and colonise the root surface or may
be killed by bacteriophages or due to other bacterial/fugal toxins. In addition to
this, few species of Bradyrhizobium are known to produce toxins and hence found
to be harmful.

For successful results, rhizobia must be infective, competitive and effective
(ICE). The competitiveness’ is influenced by several factors viz. inoculum size, host
compatibility, aeration, pH, temperature efc.

4.5.2.2 Associative Symbiotic Nitrogen Fixers

Azospirillum, Acetobacter diazotrophicus (Glucanobacter diazotrophicus),
Herbaspirillum are few associative symbiotic nitrogen fixers that enter the host cor-
tical cells to reduce gaseous atmospheric nitrogen in addition to production of
growth promoting substances.

4.5.2.3 Free Living Nitrogen Fixers

Azotobacter, Beijerinckia, Derxia, Azomonas etc. reduce gaseous atmospheric
nitrogen within their cell system and release the same to the soil for plant root
absorption.

Several cyanobacterial genera Anabaena, Nostoc, Aulosira, Cylindrospermum,
Calothrix, Tolypothrix, Stigonema etc. normally fix atmospheric nitrogen but also
produce several vitamins and growth promoting substances (ascorbic acid, auxins,
vitamin B ) and they also add organic matter to soil which improve plant growth
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and yield. Few genera of cyanobacteria fix atmospheric nitrogen in symbiotic
association with an aquatic fern, Azolla which itself contain N (4-6%), P
(1-2%), K(3—-7%) in addition to several micronutrients. Generally, it is also
used as green manure in paddy cultivation in India, China, Thailand, Vietnam,
Phillippines efc. Thus paddy crop gets dual benefit from the incorporation of
Azolla. In several places, it is also used as cattle feed (Azolla is used @ 25% of
cattle feed) and fish feed.

4.5.2.4 P-Solubilizing Microorganisms

The availability of P in soil to plants is dependent on soil pH. Many a times, soil
phosphorus is in the bound form and thus unavailable to plants. Soil phosphorus
will be precipitated as calcium or megnesium phosphate under alkaline pH condi-
tions. Several bacteria and fungi (Bacillus megatherium, B.polymyxa, Pseudomonas
striata, Aspergillus awamori, Penicillium funiculosum Burkholderia, Serratia marc-
escens etc) are known to produce organic acids like citric, succinic, glutamic,
maleic, L-ketoglutaric, fumaric and tartaric acids which are helpful in solubilization
of phosphates. These organic acids have been shown to chelate cationic portions of
insoluble phosphate compounds. Of the several mechanisms that have been pro-
posed in solubilization of phosphate, production of organic acids is considered to be
the most significant but other products such as CO,, H,S, chelating agents, humic
substances, siderophores and protons are also reported to be involved in the process
(Cunningham and Kuiack 1992; Gaur 1990).

Several factors influence P solubilization under field conditions which
include soil type, nature of insoluble phosphatic compounds, ability of phosphate
solubilizing microorganisms and plant genotype. The physical condition of soil, pH,
organic matter and plant nutrients directly or indirectly influence P-solubilization
process (Vikram et al. 2007). The environmental conditions such as tempe-
rature, moisture, aeration, humic acids etc. control the growth and activity of
P-solubilizers.

Several studies conducted by scientists clearly indicated the possibility of getting
better crop yields with the inoculation of P-soulbilizers along with the application
of rock phosphate as compared to super phosphate (Babana and Antoun 2006)

4.5.2.5 P-Mobilizers

Mycorrhizal fungi are known to mobilize several nutrients from soil with the help
of radiating hyphae. However, uptake and translocation of immobile nutrients have
been given importance in mycorrhizal studies. These fungi also are helpful in mobi-
lizing moisture from soil, production of growth promoting substances and suppres-
sion of soil borne root infecting pathogens. The major bottleneck in mycorrhizal
research is its inoculum production. Being obligate symbionts, Arbuscular mycor-
rhizal (AM) fungi are maintained as pot cultures using a suitable host and substate
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(Sreenivasa and Bagyaraj 1989). Significant increases in plant growth and yield of
several crops due to AM inoculation have been reported by many scientists.
P-response studies with the inoculation of efficient strains of AM fungi indicated
the possibility of a net saving of 20-50% of recommended P in many crops
(Sreenivasa et al. 1993; Sreenivasa 1992)

4.5.2.6 Potassium Mobilizing Bacteria

Infact Indian soils does not have any problem in K availability. Hence very little
work on K mobilizing microorganisms has been carried out by the scientists.
Chandra and Greep (2006) isolated K mobilizing bacterium Frateuria aurentia
from banana rhizosphere in Orissa and this bacterium is found to enhance nutrition
and growth of several crop plants.

4.5.2.7 Plant Growth Promoting Rhizomicroorganisms (PGPR)

The plant growth promoting rhizomicroorganisms (PGPR) improve plant growth
through production of phytoharmones, enhanced nutrient uptake and/or suppression
of plant diseases. The PGPR are otherwise referred to as plant health promoting
rhizomicroorganisms (PHPR). The extensively studied PHPR are Pseudomonas
fluorescens, P. aeruginosa, Arthrobacter, Methylobacterium, Bacillus subtilis,
Burkholderia cepacia in addition to several nitrogen fixers and P-solubilizers.

4.5.2.8 Decomposers

In the earlier part of this chapter, the importance of decomposers in compost prepa-
ration has been discussed. Inoculation of such organisms reduce the time taken for
decomposition of agricultural and industrial wastes.

4.5.3 Microbial Inoculants in Disease and Pest Management

Plant diseases and crop pests are contributing 23-30% of losses in crop production
throughout the world. The chemical control of plant diseases and crop pests is spec-
tacular but this is relatively a short term measure as it is causing ecological prob-
lems in addition to accumulation of harmful chemical residues in soil, water, food
grains, animal feed efc. Hence biological control of plant diseases and crop pests is
gaining importance.

Several microorganisms have been successfully used to control soil borne
diseases (Table 4.13) and crop pests (Table 4.14).



4 Organic Farming: For Sustainable Production...

73

Table 4.13 Microbial inoculants used for biocontrol of plant diseases

Pathogen/Disease

Crop

Biocontrol/agent

Sclerotium rolfsii

Fusarium udum (wilt)

Borytis cinerea (Grey mold)

Rhizoctonia solani
(Damping off, root rot)

Phytophthora capsici (root

rot)
Gaemannomyces graminis
var. tritici

Pythium (Damping off)
Fusarium oxysporum

Meloidogyne incognita
M. javanica (Root knot)

Ralstonia solanacearum

Tomato, beans
groundnut
Redgram

Grapes
Greengram, cotton

Black pepper
Wheat

Brinjal

Bengal gram (wilt)
Banana (panama disease)
Tomato

Capsicum

Brinjal

Potato

Trichoderma viride

T. harzianum and T. hamaturn

T. viride

T. viride

T. harzianum + Pseudomonas
fluorescens + VA mycorrhiza

T. harzianum+ VA mycorrhiza

Pseudomonas fluorescens

T. harzianum
T. harzianum
P. fluorescens

Pochonia clamydosporia
Paecilomyces lilacinus
Bacillus cereus B. subtilis

Table 4.14 Microbial inoculants used for biocontrol of crop pests

Pest Crop Bioagent
Bollworm Coffee Beauveria bassiana
Shoot borer Sugarcane NPV, GV
Berry borer Cotton, pulses
Fruit borer Brinjal Bacillus thuringiensis
Dimond blackmoth Tomato
Cabbage
Borers, pyrilla, Groundnut Metarrhizium anisopliae
White grub Rice
Sugarcane

Spodoptera litura
Helicoverpa armigera
Aphids, Mealy bugs
Mites

Leaf hoppers, Beetles
Rice borer

codling moth
Mosquito larvae

Cotton, pulses, castor, soybean

Oilseeds, grapes
Citrus, coconut
Coconut

Rice

potato

Nomuraea rileyi

Verticillium lecani
Hirsutella thmpsonii
Metarrhizium anisopliae
Granulosis virus

Bacillus sphaericus

4.5.3.1 Advantages of Using Biocontrol Agents

1. Avoid adverse effects on the beneficial microbes including antagonists in soil.
2. Avoid pollution of soil, air and water
3. Cost effective (less expensive)

4. Avoid the development of resistant strains in pathogen.
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4.5.3.2 Mechanisms of Plant Disease Control by Bioagents

There are several mechanisms followed by bioagents in plant disease control. The
important mechanisms are (1) Competition (2) Antibiosis (3) Antifungal enzyme
production (4) Hyperparasitism (5) Induced systemic resistance

4.5.3.3 Desirable Characters of Biocontrol Agents

1. It should grow easily on the available nutrients (adaptability) and survive in the
rhizosphere or spermosphere.
2. The antibiotics produced by the bioagent should not cause damage to host plants
or other associated antagonists
. They should have better tolerance/adaptability to varied environmental extremities.
4. The spore germination should be rapid and prolific. The bioagents also should
have better adaptability for large scale production and handling.

W

There are approximately 280 biopesticides available in the market involving
bacteria (37%), fungi (5%), viruses (3%) etc. In addition to these microbial insecti-
cides, several botanicals (plant extracts), neem based products, natural enemies, trap
crops, pheromone traps, agronomic practices efc are being used to avoid chemical
insecticides which cause environmental pollution (Fouche 2007; Paul 2007)

4.5.3.4 Key to Success in Biocontrol

1. Selection of an efficient strain of the antagonist

2. Adequate growth and sporulation on mass culture media

3. Advance application of bioagents to provide enough time for interactions with
pest/pathogen

4. Favourable soil temperature, moisture, pH efc. which influence the growth and
development of the bioagent

5. Competency of bioagents.

4.6 Future Perspectives

Though many farmers are following organic farming principles and practices since
several years, they lack scientific knowledge. There is a greater need for scientific vali-
dation of the indigenous technologies followed by organic growers. The need of the
hour is to evolve methodologies for enrichment of organic manures, develop efficient
location specific strains of microbial inoculants and other bioagents with better shelf
life, to workout economics (Cost : Benefit ratio) etc. Also there is a greater need to
document soil organic carbon, beneficial microbial population, pest and disease
scoring efc. in long term organic experiments across different agro ecological zones.
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4.7 Conclusions

Organic farming practices improve soil fertility, soil health and crop production
without causing environmental hazards. The nation’s wealth lies in the fertility of its
soils. India requires not only food security but also nutritional security. Indian soils
are starving for want of micronutrients. The use of organic manures is the only
possible solution to enhance micronutrient supply to crops. At the same time it is
the need of the hour to protect our environment from hazardous chemicals, global
warming etc. Organic farming principles and practices will certainly deliver the
required goods to the society.
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Chapter 5

Utilization of Psychrotolerant Phosphate
Solubilizing Fungi Under Low Temperature
Conditions of the Mountain Ecosystem

K. Rinu, Anita Pandey, and Lok Man S. Palni

Abstract The use of bioinoculants, in recent times, has received greater attention
largely due to increased preference for the natural “organic” products across the globe,
as well as to reduce the load of synthetics. One of the prerequisites for developing a
microbe-based technology is proper understanding of the diversity of microorganisms
in any given ecosystem with particular reference to their function and efficiency.
Microorganisms play a fundamental role in the biogeochemical cycling of phosphorus
in the natural ecosystems. Temperature, pH and biomass are important factors for
such microbial activities. Since phosphate solubilization, and thereby making it avail-
able to plants, is pivotal for growth, the critical importance of phosphate solubilizing
microorganisms is self evident.

While microorganisms are ubiquitous in nature, their distribution is largely gov-
erned by environmental and edaphic specificities. Several species of fungi, belong-
ing mainly to Aspergillus, Paecilomyces and Penicillium, survive and dominate in
low temperature environs of the Indian Himalayan Region (IHR). Occurrence of
such fungal communities is likely to mediate important ecological function in low
temperature environments, generally associated with low nutrient status and low
decomposition rates. The phosphate solubilization efficiency of various species of
the three fungal genera, isolated from the Himalayan soils, has been investigated in
some detail. The experiments were performed to examine their phosphate solubili-
zation potential with particular reference to a number of associated factors, such as
temperature, pH, biomass production, and the role of phosphatases. The findings are
likely to have implications in respect of the possible applications of cold tolerant
microbial communities in environment management, with reference to mountain
ecosystems.
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Keywords Indian Himalayan Region (IHR) ¢ Mountain ecosystem ¢ Phosphate
solubilization * Psychrotolerant fungi

5.1 Introduction

The Green Revolution in agriculture is rightfully considered as one of the most suc-
cessful human achievements of the last century. This revolution resulted in food
security and also played an important role in the economic transformation of devel-
oping countries, such as India, from being food deficient to food surplus nations.
The world today needs a second green revolution so as to affect 50% increase in
food production in the next 20 years to sustain the ever increasing population (Vasil
1998; Leisinger 1999). The era of green revolution is associated with the use of high
yielding varieties and high inputs by way of irrigation and enhanced use of chemi-
cals, both as fertilizers to supplement plant nutrition and as agents to provide protec-
tion against damage caused by the pathogens. Chemical fertilizers being readily
available, ease of handling and predictable increase in yield have been a preferred
source of nutrition for a variety of crop plants for the past several decades. There is,
however, a perceptible change in favour of increasing the use of biological fertiliz-
ers largely due to enhanced awareness of the ill effects of long term and continued
use of chemical fertilizers, such as the contamination of surface as well as ground
water, loss of soil productivity and overall damage to ecology, including health
hazards to humans and animals due to leaching of chemicals from crop field and
crop residues (Pandey and Kumar 1989; Nautiyal 2000; Pandey et al. 2004).

Deficiency of phosphorus in the Indian soils is a major problem for sustained
agricultural productivity. Phosphorus replenishment, particularly for farmers with
small land holdings, remains a formidable challenge. While the use of soluble min-
eral phosphate fertilizers is an obvious means to combat phosphate deficiency, it
rapidly becomes unavailable to plants, accumulating in inorganic phosphorus frac-
tions fixed by adsorption, precipitation, and organic phosphorus fractions that are
immobilized in the soil organic matter. The inorganic forms are compounds of Ca,
Fe, Al and Mg. The organic phosphorus containing compounds are derived from
plants and microorganisms and are composed of nucleic acids, phospholipids and
phytin (Subba Rao 1977; Illmer and Schinner 1992; Illmer et al. 1995). In moun-
tainous regions of IHR, under most farming conditions, the soil is acidic in nature
and rather poor in organic matter. Water soluble phosphorus, applied in the acidic
soils is rapidly fixed in to unavailable forms and accounts for the low phosphate use
efficiency (Sarkar and Uppal 1994). Most of the applied P accumulates in the fine
soil fractions, which are readily transported along with the surface waters through
runoff, especially in the hilly regions (He et al. 1995).

Microorganisms play a fundamental role in the biogeochemical cycling of phos-
phorus in the natural ecosystems. The major microbiological processes, by which
insoluble phosphorus compounds are mobilized, is through the production of organic
acids. Several bacteria and fungi release organic acids, such as citric, gluconic, and
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keto-gluconic acids, to liberate phosphates in the soil (Sperber 1957; Cunningham
and Kuiack 1992; Goldstein 1995; Vassilev et al. 1997; Vazquez et al. 2000; Wahid
and Mehana 2000; Hwangbo et al. 2003). Besides organic acid production release of
proton accompanying respiration or NH,* assimilation also contribute towards phos-
phate solubilizing activity (Illmer and Schinner 1992). Phosphatases and phytases
are also known to play important role in phosphate solubilization through catalyzing
the hydrolysis of phosphatic compounds (Michael and Robert 1984; Tarafdar and
Jungk 1987).

5.2 Diversity of Phosphate Solubilizing Fungi
in the Himalayan Soils

Although phosphate solubilizing microorganisms are commonly found in most soils,
their establishment and performance are affected largely by the environmental fac-
tors, especially under stress conditions (Guptaetal. 1986; Tilak 1991). Characterization
of the microorganisms isolated from the regions facing harsh climatic conditions of
IHR, with a view to elucidate their diversity and potential applications, has started
receiving attention. The findings in general indicate that these microorganisms are
able to tolerate a wide range of temperature and pH that in turn help them survive
under the harsh climatic conditions found at the higher altitudes. Dominance of spe-
cies of Bacillus, Pseudomonas and some other pigmented bacteria has been reported
atthe higher altitudes. Similarly, in respect of fungal genera, dominance of Aspergillus,
Paecilomyces, Penicillium and Trichoderma has been recorded from high altitude
regions of IHR (Pal 1998; Pandey and Palni 1998; Pandey et al. 2004, 2006; Gulati
et al. 2008). A total of 246 fungi representing 36 genera and 72 species were isolated
from the soil samples collected from various forest sites, namely Abies pindrow,
Betula utilis, Cedrus deodara, Pinus spp., Quercus spp., Rhododendron spp., and
Taxus baccata covering a wide altitudinal range (1,800-3,610 m above mean sea
level) in the IHR, representing regions of temperate and alpine climatic conditions.
Dominance of the genus Penicillium was reportedly more prominent in samples taken
from forests with increasing altitude (Pandey and Palni 2007; Pandey et al. 2008).
Diversity of phosphate solubilizing fungi isolated from the Himalayan soils and their
accession numbers, assigned by the National or International Culture Collections in
India, has been presented in Table 5.1 and Fig. 5.1.

5.3 Tolerance of Phosphate Solubilizing Fungi
to Extreme Temperature and pH Conditions

The phosphate solubilizing species of Aspergillus, Paecilomyces and Penicillium
were investigated for their temperature and pH tolerance (Pandey et al. 2008; Rinu
and Pandey 2010, 2011). These species exhibited tolerance to a wide range of pH,
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Table 5.1 Temperature, pH and salt tolerance of fungal isolates

Temperature Salt tolerance
Fungal species range (°C) pH range (%) Accession no.
Aspergillus species
A. candidus 4.042.0 (21.0) 2.0-12.0 (7.0) 12.0 ARIFCC774
A. deflectus 9.0-42.0 (28.0) 3.0-12.0 (8.0) 12.0 ITCC5016
A. flavus 9.0-35.0 (28.0) 2.0-12.0 (7.0) 12.0 ARIFCCL1161
A. fumigatus 9.0-42.0 (21.0) 2.0-12.0 (7.0) 15.0 ITCC3717
A. glaucus 9.0-42.0 (21.0) 2.0-12.0 (7.0) 12.0 ARIFCC771
A. nidulans 9.042.0 (28.0) 2.0-12.0 (7.0) 15.0 ARIFCC772
A. niger 9.042.0 (28.0) 2.0-12.0 (9.0) 15.0 ITCC2546
A. parasiticus 4.0-42.0 (28.0) 2.0-12.0 (7.0) 12.0 ITCC4239
A. sydowii 9.0-42.0 (35.0) 2.0-12.0 (9.0) 15.0 ITCC4210
A. wentii 9.0-42.0 (28.0) 2.0-12.0 (8.0) 12.0 ARIFCC773
Penicillium species
P.aurantio-griseum 4.0-35.0 (21.0) 3.0-12.0 (5.0) 20.0 ITCC4394
P. citrinum 9.0-50.0 (28.0) 3.0-12.0 (9.0) 20.0 ITCC4212
P. janthinellum 9.0-50.0 (28.0) 3.0-12.0 (5.0) 15.0 ITCC4242
P. oxalicum 4.0-35.0 (21.0) 3.0-12.0 (6.0) 15.0 ITCC3891
P. pinetorum 9.0-42.0 (28.0) 3.0-12.0 (6.0) 15.0 ITCC3893
P. pinophilum 4.0-35.0 (28.0) 3.0-12.0 (6.0) 15.0 ITCCS5354
P. purpurogenum 9.0-50.0 (28.0) 2.0-12.0 (6.0) 05.0 ITCC3684
P. raistrickii 4.0-35.0 (21.0) 1.5-11.0 (6.0) 15.0 ITCC4243
Paecilomyces species
P. hepiali 4.0-35.0 (21.0) 2.0-13.5(9.0) 12.0 MTCC9621
P. liliacinus 4.0-35.0 (21.0) 3.0-13.0 (9.0) 15.0 ITCC2557
P.variotti 4.0-35.0 (21.0) 3.0-12.0 (8.0) 12.5 ITCC5719

Values in parenthesis indicate optimal temperature and pH for growth

Temperature, pH and salt tolerance was done in potato dextrose agar/broth medium at 21°C
ARIFCC Agharkar Research Institute Fungal Culture Collection, Pune, India; /7CC Indian Type
Culture Collection, Indian Agricultural Research Institute, New Delhi, India; MTCC Microbial
Type Culture Collection, Chandigarh, India

between 1.5 and 13.5. The best tolerance to lowest pH (1.5) was exhibited by a spe-
cies of Penicillium, i.e., P. raistrickii. Most species of Aspergillus tolerated pH as low
as 2. The tolerance to highest pH was exhibited by a species of Paecilomyces (P. hepi-
ali; 13.5 followed by P. liliacinus; 13.0). The fungal species also exhibited tolerance
to a wide range of temperature, between 4-9°C (minimum) and 42-50°C (maxi-
mum). Three Penicillium spp., viz. P. citrinum, P. janthinellum, and P. purpurogenum
tolerated temperatures up to 50°C, while none of the species of Aspergillus could
tolerate temperatures above 42°C. The species of Paecilomyces showed less tolerance
to thermophilic range of temperature; they could tolerate temperatures up to 35°C.
The range of pH and temperature tolerance of these phosphate solubilizing fungal
species, along with the optimal values, are presented in Table 5.1. These findings are
indicative of the presence of fungal species possessing ability to tolerate and survive
wide range of abiotic conditions. Such species can, therefore, be referred as pH and
temperature tolerant, rather than true acidophiles, alkaliphiles or psychrophiles.
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Fig. 5.1 Microscopic features of selected phosphate solubilizing fungi: (a) Aspergillus candidus,
(b) Aspergillus wentii, (¢) Penicillium aurantiogresium, (d) Paecilomyces hepiali; bar=3 pm

5.4 Temperature Dependent Phosphate
Solubilization by Psychrotolerant Fungi

Phosphate solubilization efficiency of fungal species was examined at different tem-
peratures (viz. 4°C, 9°C, 14°C, 21°C and 28°C), following a longer period of incu-
bation time. also interesting that the pigments were not secreted at the lower
temperature (9°C), Qualitative estimations, performed on Pikovskaya’s agar plates,
indicated that most fungal cultures formed very little and some times no clear zones.
Contrary to this, the same cultures were found to be efficient solubilizers when
Pikovskaya’s broth was used (Rinu and Pandey 2010). Figure 5.2a—c show the zones
of solubilization by the representative fungal species on Pikovskaya’s agar plates at
21°C. Some cultures (e.g., A. flavus and A. wentii) secreted pigments in the agar
medium around the colony at 14°C, 21°C and 28°C, thus adversely affecting the
visibility of the zone of solubilization. It was allowing the full visibility of the zone
of solubilization around the fungal colony. The production of large amounts of a
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Fig. 5.2 Zone of solubilization on Pikovskaya’s agar plates by different fungi (a) Aspergillus
niger, (b) Paecilomyces hepiali, (¢) Penicillium raistrickii

thick polysaccharide-like compound in liquid culture resulting in lower P levels has
been reported by Wakelin et al. (2004). On the contrary, in flasks, where the produc-
tion of polysaccharide was minimal, P level in the solution was recorded to be much
higher. These observations indicate that the physiological status of fungal cultures
plays an important role in the P levels during the process of solubilization.

The efficiency of phosphate solubilization of various fungal species was found to
be temperature dependent. The level of soluble P in the solution cultures was found
to fluctuate over time. Estimation of P levels at different time intervals, over the entire
duration of experiments is, therefore, preferable. The importance of this parameter
has been previously reported in case of Penicillium radicum, and some other phos-
phate solubilizing microorganisms (Illmer and Schinner 1992; Whitelaw et al. 1999;
Wakelin et al. 2004), which is in tune with the findings of the present study. The slow
growth and persistence of phosphate solubilizing efficiency at low temperatures ren-
der these organisms beneficial under ecological conditions of the low temperature
environments.

A. sydowii and P. hepiali solubilized maximum tricalcium phosphate (TCP) at
14°C, while the maximum biomass production by these fungal isolates was found
to be at 21°C. Five species of Aspergillus viz. A. deflectus, A. flavus, A. nidulans,
A. parasiticus and A. wentii solubilized maximum TCP at 28°C, and their maximum
biomass production was recorded at 21°C. This could be explained by the fact that
the suboptimal conditions for the growth and biomass production may become
optimal for the production of metabolites (Rinu and Pandey 2010, 2011). Similarly,
higher P solubilizing activity has been reported from medium containing suboptimal
carbon concentration, as compared to the medium containing optimum require-
ments of the microbes (Illmer and Schinner 1992). Figure 5.3 shows a comparison
of the optimal temperatures for phosphate solubilization and biomass production by
three representative fungal species. Generally, the best phosphate solubilization was
recorded when the biomass production values were well below maximum.

Phosphate solubilization by fungal species of tropical origin, mainly belonging
to the genus Aspergillus and Penicillium, has been reported by several workers.
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Fig. 5.3 Phosphate solubilization of selected species of Aspergillus at optimal (
(%) growth temperatures. Biomass was calculated by dry weight basis

These studies have reported maximum phosphate solubilization during the second
week, followed by a decline or fluctuation in phosphate solubilization on further
incubation (Vassileva et al. 1998; Goenadi et al. 2000; Wakelin et al. 2004). Pandey
et al. (2008) have found maximum phosphate solubilization during the 3rd week of
incubation at 21°C by eight species of Penicillium; the persistence of activity was
found up to 42 days of incubation further at lower temperatures for some of the
fungal species (Rinu and Pandey 2010, 2011). The solubilized TCP was found to be
at par with the maximum solubilization occurred at 21°C after second and third
week of incubation, at 14°C and 9°C, and showed persistence of the activity up to
day 42 (Rinu and Pandey 2011). Paecilomyces lilacinus and P. variotii also exhib-
ited phosphate solubilization for a longer period of incubation (42 days at 14°C). In
a recent study, Gupta et al. (2007) have reported the phosphate solubilization effi-
ciency of Aspergillus and Penicillium spp., isolated from the heavy metal mines of
Orissa (India), where the average temperature ranged between 32°C and 40°C.
These fungi preferred the pH range of 7.0-9.0 for maximum phosphate solubiliza-
tion, and the same was found on day 12 of incubation.
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5.5 Production of Organic Acids by Psychrotolerant Fungi

The phosphate solubilization by a variety of microorganisms is caused by lowering
the pH of the medium, either by H* extrusion (Illmer et al. 1995) or by the secretion
of organic acids, such as, citric acid, gluconic acid, oxalic acid, and malic acid, etc.,
and by way of chelating metabolites (Asea et al. 1988; Salih et al. 1989; Gaur 1990;
Cunningham and Kuiack 1992; Narsian et al. 1995). The principle underlying the
mechanism of action of chelators is through formation of unionized association
compounds with Ca*™, Fe**, Al***, thus increasing the soluble phosphate concentra-
tion by scavenging phosphate from mineral phosphates. The ability of low molecu-
lar weight organic acids to release P from ores or rocks is related to their ability to
form stable metal complexes (Mattey 1992).

Decrease in pH was recorded throughout, in all the present experiments. In case of
ten species of Aspergillus, maximum decrease in pH was recorded at 21°C and 28°C,
resulting in maximum phosphate solubilization. In case of A. candidus, A. fumigatus
and A. parasiticus, the decrease in pH was less at 14°C; this was reflected in terms of
the phosphate solubilization as well. The decrease in pH of the medium was less at
14°C or 9°C, indicating lesser production of organic acids, relatively at lower tem-
peratures (Rinu and Pandey 2010). At the higher temperatures (21°C or 28°C), after
reaching the maximum decrease in pH during 2—4 weeks of incubation the pH began
to increase without increase in phosphate solubilization, which may be due to cell
death and/or lysis. However, in case of A. niger (at 21°C and 14°C) and A. glaucus
(at 28°C), the P concentration in the medium also increased, probably due to cell lysis
and P liberation in the culture suspension (Illmer and Schinner 1992; Rinu and Pandey
2010). In case of Penicillium species similar observations were recorded at 21°C. The
initial increase in the P concentration is on account of acid production and the later by
altered metabolism due to lack of C in the medium, and may result in the formation of
an organo-P compound. Consequently, with alteration in the medium composition,
the cells may utilize this compound as a source of energy, resulting in subsequent
release of P (Illmer and Schinner 1992). The decrease in pH was comparatively less at
14°C and almost negligible at 9°C in case of Aspergillus spp., except A. nidulans and
A. sydowii. These two species exhibited maximum phosphate solubilization at 14°C.
Minimal activity was also seen in case of A. niger at 9°C, indicating towards the
involvement of some other mechanism. In general, production of organic acids has
been considered as the main reason responsible for the solubilization of phosphate in
most studies conducted in respect of mesophilic temperature range (Illmer et al. 1995;
Omar 1998; Whitelaw et al. 1999; Reyes et al. 2001). P. hepiali (Rinu and Pandey
2011), P. liliacinus, and P. variotti was also able to reduce the pH of culture medium
to acidic conditions resulting in considerable solubilization of TCP.

The High Performance Thin Layer Chromatography (HPTLC) analyses of organic
acids showed the involvement of a-keto glutaric acid, citric acid, gluconic acid,
malic acid, oxalic acid and succinic acid (Fig. 5.4). Along with these acids some
unidentified acids were also produced by A. niger (Rf=0.92), A. candidus and
A. sydowii (Rf=0.51), P. hepiali (Rf=0.45), and P. variotti (Rf=0.45). The % P solu-
bilized and the total acid concentration as well as total number of acids produced by
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Fig. 5.4 Concentration of organic acids produced by fungal isolates following 7 days of incubation in
static Pikovskaya’s broth culture at 21°C after 7 days of incubation (Aca Aspergillus canduds, Ade
A. deflectus, Afl A. flavus, Afu A. fumigatus, Agl A. glucus, Anid A. nidulans, Anig A. niger, Apa A. para-
siticus, Asy A. sydowii, Awe A. wentii, Paeh Paecilomyces hepiali, Pael P. liliacinus, Paev P. variotti)

any fungal culture showed insignificant correlation. These results suggest that while
the production of organic acids is an important factor in phosphate solubilization
some other mechanism(s) is also likely to be responsible for phosphate solubilization
(Table 5.2).

5.6 Role of Posphatases in Phosphate Solubilization

Mineralization of many of the organophosphorous compounds that account for up to
30-50% of the total phosphorus in most soils is carried out enzymatically by phos-
phatases, primarily acid phosphatases. These catalyze dephosphorylating reactions
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Table 5.2 Summary of Number  Total conc. of
phosphate solubilization, % P of acids acids produced
number of acids produced Fungal species  solubilized  produced  (ugml™)
and the total concentration Aspergillis
of acids produced by the .
fungal isolates A. candidus 7.48 6 21.39
A. deflectus 9.68 6 13.74
A. flavus 18.28 4 11.65
A. fumigatus 10.60 5 13.84
A. glaucus 15.46 5 22.28
A. nidulans 8.52 4 12.45
A. niger 47.08 7 27.50
A. parasiticus 7.88 4 10.92
A. sydowii 14.60 6 20.05
A. wentii 9.24 5 23.53
Paecilomyces
P. hepiali 3.28 6 20.74
P. liliacinus 5.40 5 22.75
P.variotii 6.24 6 20.73

involving the hydrolysis of phosphoester or phosphoanhydride bonds (Richardson
et al. 2000; Tarafdar et al. 2003). Phosphate solubilizing microorganisms are known
to produce phosphatases which are hydrolytic enzymes responsible for the break-
down of insoluble phosphate containing compounds. The experiments conducted in
this regard resulted in the production of intracellular enzymes in most of the species
examined, while extracellular phosphatase activity was detected only in A. niger and
three species of Paecilomyces. The absence of extracellular phosphatase activity
may be due to the presence of insoluble phosphorus in the suspension culture (the
experiments were conducted in Pikovskaya’s medium containing 0.5% TCP). The
effect of sublethal concentrations of insoluble phosphate on the activity of phos-
phatases has been reported by Ramalingam and Prasanna (2006). Tarafdar et al.
(2003) reported the production of extracellular phosphatases in Czapek Dox broth
(lacking insoluble phosphorus). The presence of adequate levels of solubilized phos-
phorus in the medium, as a result of fungal activity, may also lead to a feedback
inhibition. This was also evident from the results of extracellular acidic and alkaline
phosphatase activity in PD broth (Rinu and Pandey 2010). Phosphatases are known
to be activated when the phosphorus availability is low (Shieh et al. 1969; Micheva-
Viteva et al. 2000; Aleksieva et al. 2003). However, this was not in tune with the
results obtained with A. niger, P. hepiali, P. liliacinus and P. variotii. Braibant and
Content(2001) have alsoreported thatthe expression of phosphatase in Mycobacterium
bovis is not regulated by the environmental inorganic phosphate concentration.
Intracellular phosphatases are also well known for the mineralization of phos-
phates (Gaur 1990). Higher intracellular acidic (rather than alkaline) phosphatase
activity is probably due to acidic conditions in the medium. The intracellular acidic
and alkaline phosphatase activity was found to be considerably higher in all the cul-
tures. These results support the findings of Tarafdar et al. (2003) who reported, on an
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average, 1.7 times higher intracellular acid phosphatase activity over the extracellular
acid phosphatase secretion. The minimal extracellular alkaline phosphatase activity
of A. niger, in comparison to much greater extracellular acidic phosphatase activity,
could be explained in relation to the observed maximum acidification of the culture
medium. The acidic and alkaline phosphatases are classified due to their optimal
activities in the acidic or alkaline ranges, respectively.

5.7 Psychrotolerant Microbes Vis-a-vis
Environment Management

The importance of microorganisms in respect of their biotechnological applications,
in agriculture, industry and medicine is well recognized. Documentation of biodiver-
sity at the global level and the importance of conservation of the biological gene pool
are receiving much needed attention in the recent times (Satyanarayana et al. 2005;
Pandey et al. 2006, 2010). An important document, on the initiative of the Ministry of
Environment and Forests on National Biodiversity Strategy and Action Plan (NBSAP)
has been prepared. In this document Johri and co-workers (2005) have summarized
the objectives of the proposed Microorganism Diversity: Strategy and Action Plan.
These objectives are based on the existing knowledge of microbial diversity recorded
in the country, documentation of microbial processes developed for various applica-
tions, identification of gaps, limitations and problems in demonstrating microbial
diversity, and drafting an Action Plan to improve the existing scenario.

The THR is characterized by the presence of extreme environments, and thereby
hosts a unique biodiversity. The extraordinary diversity of microorganisms is based
on their remarkable metabolic plasticity and genetic adaptability resulting in the
production of unique, often novel biologicals. The microbial communities, referred
as extremophiles, have evolved to colonize such extreme environments that are too
harsh for the animals and plants to survive. With a view to address the unique fea-
tures of the hill states of IHR, a special Task Force was constituted by the Planning
Commission, Govt. of India. The main terms of reference of this Task Force were
“To look into problems of hill states and hill areas and to suggest ways to ensure that
these states and areas do not suffer in any way because of their peculiarities”. The
Task Force proposed 12 recommendations in respect of the mountain states of India,
including a note on organic farming (Anonymous 2010a). It further suggested for
the ecofriendly packaging support for branding and selling along with suitable insti-
tutional arrangements for the promotion and marketing of the organic products from
the mountains. Organic fertilizers namely city-based compost, vermin compost, and
biofertilizers (particularly Rhizobium, Azotobacter, Azospirillum and phosphate
solubilizing microorganisms), have been recognized and incorporated in Fertilizer
Control Order (FCO) 1985 promulgated under the Sect. 3 of the Essential Commodity
Act 1955 (Anonymous 2010b). The concept of increasing the use of biological fer-
tilizers has been particularly appreciated by the mountain states, and also received a
mention in the recent guidelines (Anonymous 2009) published jointly by the
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Ministry of Environment and Forests, Govt. of India and GB Pant Institute of
Himalayan Environment and Development, Almora, India. The hill agriculture is
generally rain fed, hence the microbe based formulations (as organic fertilizer) are
expected to be of high impact in times to come. In this context, availability of loca-
tion specific microbial inoculants, suitable for field applications is essential. The
Department of Biotechnology, Govt. of India, has also identified “Biofertlizers” as
a distinct area for financial support to the relevant research projects, and emphasised
the importance of carrier based native microbial fertilizers (Anonymous 2007).

5.8 Conclusions

Microorganisms are ubiquitous in nature and their distribution is largely governed
by environmental specificities. High altitudes of IHR represent the low temperature
environments, including the glaciers and cold deserts. These sites are expected to
harbour a variety of microorganisms, mainly the psychrophiles. Documentation of
these microorganisms along with their characterization and bioprospecting are
needed to generate knowledge of both basic and applied value. GB Pant Institute of
Himalayan Environment and Development, Almora, India, has taken up initiatives
along these lines. A culture collection of ‘high altitude microorganisms’ is being
maintained in the laboratory. Several species of Aspergillus, Paecilomyces and
Penicillium have been isolated from the cold environs and are being investigated for
their applied value. Microorganisms growing under extreme environments are likely
to possess active or passive mechanisms for survival under such conditions. The
slow and steady, but effective and prolonged activities, such as production of organic
acids, enzymes, etc., have implications in the nutrient cycling under mountain eco-
systems. These organisms, therefore, need focussed attention on their diversity,
phylogeny, survival strategies and bioprospecting.
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Chapter 6
Antimicrobial Lipopeptides of Bacillus: Natural
Weapons for Biocontrol of Plant Pathogens

Ankit Kumar and B.N. Johri

Abstract Bacillus species are ubiquitous bacteria in agricultural soils and possess
many traits that make them well suited as biocontrol agents of various soil borne
pathogens. They are aerobic, Gram-positive bacteria with remarkable ability to pro-
duce highly resistant endospores and are well adapted to grow in the rhizosphere.
Until today, hundreds of strains of genus Bacillus, including Brevibacillus and
Paenibacillus, have been identified that produce a variety of antimicrobial sub-
stances, e.g., antibiotics. Bacillus subtilis, a model organism of this group is known
to produce over two dozen molecules with antibiotic properties and an amazing
variety of structures. Lipopeptides are the most frequent antibiotic compounds pro-
duced by bacilli exhibiting antibacterial and/or antifungal actions against a spec-
trum of pathogenic bacteria and fungi with surfactant activities in exceptional cases.
Among these, cyclic lipopeptides (LPs) of the surfactin, iturin and fengycin families
have well known potential in biotechnology and bio-pharmaceutical applications.
Structurally, these amphiphilic molecules share a common cyclic structure com-
prised of a B-amino or B-hydroxy fatty acid integrated into a peptide moiety and
have been classified based on the difference in amino acid sequences and fatty acid
branching. Besides, lipopeptides have also been reported to contribute to the eco-
logical fitness of the producing strain thus helping them to adapt to their ecological
niche. Numerous reports covering in vitro production of antibiotic molecules from
different Bacillus spp. are available however the number reduces dramatically only
to few wherein production and/or recovery of these molecules could be demon-
strated successfully under natural or greenhouse conditions. The aim of this review
is to summarize the recent findings of Bacillus lipopeptides with antibiotic proper-
ties, regulatory pathways involving their production and their role in the ecological
fitness of Bacillus.
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6.1 Introduction

Indeed, the worldwide use of agro-chemicals has reduced the outbreak of fungal
diseases, but this has also contributed to the emergence of pathogens resistant to the
pesticides available in the market (Raposo et al. 2000). Furthermore, these chemicals
may have toxic effects on the beneficial microflora, residing in the rhizosphere or in
soil; may enter into the food chain and subsequently accumulate in the human body
as a result of bio-magnification (Bartlett et al. 2002). Moreover, their excessive use
in agriculture has resulted in deterioration of soil fertility. To cope with these prob-
lems, biological control agents including microorganisms or microbial products and
biofertilizers have received global attention as promising alternatives to the chemical
inputs (pesticides and fertilizers) (Mizumoto et al. 2006). Large number of reports
are available wherein application of microorganisms as successful biocontrol agents
has been extensively investigated (Raaijmakers et al. 2002; Ongena and Jacques
2008; Romero et al. 2007; Chen et al. 2009; Kim et al. 2010). Application of bacte-
rial strains with proven ability to suppress plant pathogens seem to be the best choice
as biocontrol agents, due to their versatile nature and physiological diversity coupled
with the possibility of combined application together with other control measures
(Shoda 2000; Kondoh et al. 2001; Fogliano et al. 2002; Omar et al. 2005; Baehler
et al. 2006; Cazorla et al. 2006; Nofal and Haggag 2006). Species of Bacillus are
ubiquitous with proven excellent colonization aptitude along with plant growth
promoting activities, dynamic lifestyle with sporulation ability and versatile mecha-
nisms to antagonize the pathogens effectively (Shoda 2000; Kloepper et al. 2004;
Romero et al. 2004, 2007; Schallmey et al. 2004). Bacillus species are often
considered as microbial factories owing to the production of a diverse array of
bioactive compounds some of which are potentially lethal against phytopathogens
(reviewed in Emmert and Handelsman 1999; Stein 2005; Ongena and Jacques 2008).

6.2 Bacilli as Producers of Lipopeptides

Hundreds of different peptide antibiotics have been described during the past
50 years (Hancock et al. 1995; Hancock and Chapple 1999; Stein 2005). They can
be categorized into two classes, non-ribosomally synthesized peptides (NRPs) such
as bacitracins, polymyxins, glycopeptides etc., and ribosomally synthesized pep-
tides such as subtilin, subtilosin A, TasA and sublancin. While NRPs are largely
synthesized and modified by bacteria, ribosomally synthesized peptides are produced
by almost all the living species as components of natural defense mechanisms.
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Fig. 6.1 Structure of some important representative molecules from the three families of lipopep-
tides/biosurfactants synthesized by different Bacillus spp. (Vater et al. 2002)

Species of Bacillus synthesize a large number of lipopeptides but a major fraction
of them in case of B. subtilis has been found to be produced in a non-ribosomal
manner via multi-domain enzymes (Non-ribosomal peptide synthetases, NRPSs
and polyketide synthetases, PKSs) and most of the antifungal peptides have a
molecular weight of less than 2,000 Da (Finking and Marahiel 2004). Among these,
cyclic lipopeptides (LPs) of the surfactin, iturin and fengycin (or plipastatin) families
have well known potential in biotechnology and bio-pharmaceutical applications
due to their surfactant properties (Romero et al. 2007; Chen et al. 2009). Structurally,
these amphiphilic molecules share a common cyclic structure comprised of a
B-amino or B-hydroxy fatty acid integrated into a peptide moiety and have been
classified based on the difference in amino acid sequences and fatty acid branching
(Fig. 6.1). The potential of Bacillus species to synthesize a wide variety of metabo-
lites with antibacterial and/or antifungal activity has been intensively exploited in
medicine and industry and is thus one determinant of their ability to combat plant
pathogens when applied as biocontrol agents.
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6.3 Biosynthesis of Non-ribosomal Peptides in Bacillus subtilis

In spite of the structural heterogeneity, the non-ribosomal peptide antibiotics share
a common mechanism of biosynthesis, the multicarrier thiotemplate mechanism
(Stein et al. 1996). The biosynthesis of non-ribosomal peptide antibiotics is preva-
lent in bacteria and fungi, and is catalyzed by the modularly arranged multi-domain
enzyme complexes, the NRPSs (Sieber and Marahiel 2003; Finking and Marahiel
2004; Walsh 2004; Stein 2005). Three basic domains are known to be involved in
non-ribosomal peptide biosynthesis (Fig. 6.2), (i) A domain (adenylation domain),
that selects its cognate amino acid leading to formation of aminoacyl adenylation in
a way similar to the aminoacylation of tRNA synthetases in ribosomal peptide
biosynthesis, (ii) PCP domain (peptidyl carrier domain) which is operational with a
4'-phosphopantetheine (PPant) prosthetic group to which the adenylated amino acid
substrate is transferred and bound by a thioester bond and, (iii) The condensation
domain ‘C’ which catalyzes the formation of a new peptide bond. The linear
organization of such core units (1-3) ensures the coordinated elongation of the
peptide product. Mostly, biosynthesis of NRPSs stops by macrocyclization of
the peptide product, wherein parts of the molecule distant in the constructed linear
peptide chain are covalently linked to one another (Kohli and Walsh 2003). A detailed
account of peptide biosynthesis has been reviewed earlier (Stein et al. 1996).

6.4 Antimicrobial Lipopeptides of Bacillus sp.

6.4.1 The Iturin Family

The iturin family, encompassing iturin A & C, bacillomycin D, F, L, & LC, and
mycosubtilin are the seven main variants within iturin family. These are heptapep-
tide molecules with a -amino fatty acid chain, comprised of 14-17 carbons and
exhibit strong antifungal activity against a wide range of yeast and fungi (Duitman
et al. 1999; Tsuge et al. 2001; Moyne et al. 2004; Ongena and Jacques 2008).
However, the antibacterial action of iturin compounds is limited with no antiviral
activity (Moyne et al. 2001; Hiradate et al. 2002; Yu et al. 2002). Molecular studies
of these molecules shows that peptide portion contains a tyrosine amino acid resi-
due in D-configuration at second amino acid position and two additional amino
acids at positions 3 and 6 (Chen et al. 2009). It is perhaps for this reason-the occur-
rence of unusual D-amino acids, that iturins are resistant to the action of proteases
and peptidases (Lebbadi et al. 1994).

The mode of action of iturin group molecules includes disruption of plasma
membrane by forming small vesicles and by aggregating membrane-spanning par-
ticles. They also release electrolytes, high molecular mass products and degrade
phospholipids. Numerous studies have shown that members of iturin family are
potential alternative to antifungal agents. For example, the antifungal property of B.
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Fig. 6.2 The operons of mycosubtilin, surfactin and plipastatin synthetases in Bacillus species.
Schematic illustration of operons (ORFs, domains of NRPSs or PKSs and amino acids incorporated
by different modules) that encodes the catalytic machinery responsible for the biosynthesis of rep-
resentative members of each family of lipopeptides produced by Bacillus subtilis: mycosubtilin for
the iturin family, plipastatin for the fengycin family and surfactin (Ongena and Jacques 2008)

amyloliquefaciens strain B94 which suppressed Rhizoctonia solani and other fun-
gal plant pathogens was due to iturin production and, isomers of iturin A purified
from culture broth were found to be responsible for inhibition of R. solani in vitro
(Yu et al. 2002). Similarly, another study documented the production of bacillomycin
D, a variant of iturin group of molecules, by B. amyloliquefaciens strain A/Z as
principle inhibitory component against soil borne fungal pathogen, Sclerotinian
sclerotiorum (Kumar et al. unpublished). Previously, chromatographic (HPLC) and
mass spectrometric (MALDI-TOF) studies revealed the presence of iturin A mole-
cule in the crude mixture, however further purification and high resolution electro-
spray ionization mass spectrometry (HR-ESI-MS) clearly showed bacillomycin D
as a major antagonistic component.

Available reports suggest that iturin production is more common among strains
of B. subtilis and B. amyloliqufaciens, however the trait does not seem exclusive to
these two species as several other species are also iturin producing (Athukorala
et al. 2009). Nevertheless, B. subtilis strains appear to be the most promising candi-
dates for iturin production. An average of 4-5% of the total genome is devoted to
the biosynthesis of antibiotics in rhizobacterium B. subtilis, one of the most widely
studied organisms, with a potential to produce more than two dozen structurally
diverse antimicrobial compounds (Stein 2005). While biosynthesis of surfactin or
fengycin is mediated through NRPSs, biosynthesis of iturin or its derivatives
involves PKS-NRPS hybrid complex (Tsuge et al. 2001; Moyne et al. 2004).

Bacillomycin is another member of iturin family produced by bacilli, with strong
antifungal spectrum (Ramarathnam et al. 2007; Chen et al. 2009). The antifungal
activity of plant growth promoting rhizobacterium B. amyloliquefacines FZB42 has
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been attributed mainly to bacillomycin D production and this has been shown to
suppress the plant pathogenic fungus Fusarium oxysporum (Koumoutsi et al. 2004).
The bmy gene cluster (37.2 kb) which directs the synthesis of bacillomycin in
FZB42, is an insertion within the genome and is comprised of four genes bmyD,
bmyA, bmyB, and bmyC (Fig. 6.2). Molecular studies have revealed that the bmy
gene cluster is separated by just 25 kb from the neighbouring fengycin gene cluster
(Chen et al. 2009). Expression of bmy operon depends upon a A-dependent pro-
motor, Pbmy and is favoured in its natural host by the small regulatory protein
DegQ. The global regulator DegU and ComA are required for the full transcrip-
tional activation of bmy. Moreover, a trans-membrane protein with unknown
function, Ycz E, functions at a later stage of gene expression and exerts post-tran-
scriptional effects with DegQ (Koumoutsi et al. 2007). The first ORF of the bmy
operon i.e., bmyD encodes for an enzyme malonyl coenzymeA transacetylase
which participates in fatty acid synthesis; the enzyme has been shown to be
indispensable for iturin production (Tsuge et al. 2001).

Mycosubtilin is another variant of iturin family and is produced by strains of
B. subtilis (Leclere et al. 2005). Genetically, mycosubtilin operon consists of four
open reading frames, designated as fenF, mycA, mycB, and mycC, all controlled by
the same promoter L (Fig. 6.2) (Duitman et al. 1999). The subunits encoded by the
three myc genes contain seven modules essential for the synthesis of peptide moiety
of mycosubtilin. Overproduction of mycosubtilin by a recombinant B. subtilis strain
BBG100 has been found to show significant antagonistic properties against various
fungal pathogens, Botrytis cinerea, Fusarium oxysporum and Pythium aphaniderma-
tum, and yeasts, Pichia pastoris and Saccharomyces cerevisiae (Leclere et al. 2005).
The strain BBG100 was derived from B. subtilis ATCC6633 and showed a 15-fold
higher mycosubtilin production over the parental strain. Experimental results showed
that pre-treatment of tomato seeds with vegetative cells of the mycosubtilin overpro-
ducing strain prior to planting in soil infected with Pythium aphanidermatum led to
increased seed germination in comparison to the treatment with wild-type strain
ATCC6633. Intriguingly, mycosubtilin is also believed to be involved in spreading of
cells in Bacillus colonies and overproduction of mycosubtilin has been reported
directly relevant to the enhanced invasive behaviour of B. subtilis cells (Leclere et al.
2006). Interesting evidence came from the findings of Julkowska et al. (2004) wherein
addition of purified lipopeptide to the medium resulted in an enhancement of swarm-
ing motility of B. subtilis strain 168, which otherwise is a non-spreading strain. These
observations clearly indicate that certain lipopeptides such as mycosubtilin not only
act as antibiotic, but also play an important role in swarming/mobility behaviour,
thus contributing to the ecological fitness of the producer strain.

6.4.2 The Surfactin Family

Surfactin is the most studied family of lipopeptides. Chemically, surfactins are hep-
tapeptides with an LLDLLDL chiral sequence linked by a B-hydroxy fatty acid



6 Antimicrobial Lipopeptides of Bacillus: Natural... 97

(comprised of 13—15 ‘C’ atoms) to form a cyclic lactone ring structure. Surfactin is
synthesized by three NRPSs, SrfA-C and the enzyme thioesterase/acyltransferase
wherein SrfD is known to initiate the process (Peypoux et al. 1999; Steller et al.
2004). The mechanism of regulation of surfactin biosynthesis is closely connected
with the competence development pathway (Marahiel et al. 1993; Hamoen et al.
2003). These are probably the most powerful biosurfactants described with excep-
tional emulsifying and foaming properties; just 20 uM solution lowers the surface
tension of water from 72 to 27 mN m™' and are believed to act like a detergent on
biological membranes (Carrillo et al. 2003; Pagadoy et al. 2005). Due to their
amphiphilic nature surfactin molecules rapidly integrate into the lipid bilayers very
tightly and interfere with the membrane integrity in a dose-dependent manner.
Studies have shown that at low conc. surfactin molecules insert in the outer layer of
the membrane only, thereby inducing limited perturbation. At intermediate conc.
they induce reversible transient permeabilization however higher conc. results in
irreversible pore formation in the membrane due to integration of surfactin rich
clusters in the membrane. Addition of more surfactins leads to complete disruption
of lipid bilayers resulting in formation of mixed micelles (Carrillo et al. 2003;
Heerklotz and Seelig 2007). However, cholesterol has been shown to counteract the
destabilizing effect of surfactins indicating that variations observed in the suscepti-
bility of biological membranes towards surfactants might depend upon the sterol
content in the membrane of target organism (Carrillo et al. 2003).

Though, surfactin is required for formation of aerial structures on the colony sur-
faces of B. subtilis, its production is correlated with the inhibition in growth and
development of aerial hyphae/sporulation in co-cultivated Streptomyces coelicolor
(Straight et al. 2006). Chen et al. (2009) proclaimed that surfactin synthesized by
B. amyloliquefaciens FZB42 not only protects it against other bacteria but also
enables it to form biofilms, thus equipping the bacterium with powerful antagonistic
advantage during surface colonization. Surprisingly it has been found so, as mutants
of B. amyloliquefaciens deficient in surfactin biosynthesis were found severely
impaired in biofilm formation (cited in Chen et al. 2009). Similarly, Bais et al. (2004)
reported the protective action of surfactins under in situ conditions and successfully
demonstrated that surfactin was essential for root colonization and reduction in
severity of disease caused by Pseudomonas syringae on Arabidopsis plants. The disease
control was found to be associated with the inhibitory quantities of surfactin produced
at the root level. However, it remained unclear whether reduction in disease incidence
was due to the direct bactericidal activity or indirectly as a result of inhibition of
adherence of pathogenic cells to the root surface and subsequent inhibition of biofilm
growth. Intriguingly, surfactins have also been reported to inhibit biofilm formation in
other bacteria and some pathogens (Mireles et al. 2001; Bais et al. 2004).

From a clinical perspective, some of the biosurfactants possess antibiotic activ-
ity, and that at least one biosurfactant, rhamnolipid produced by Pseudomonas
aeruginosa, plays an important role in pathogenesis of this opportunistic pathogen
(Vollenbroich et al. 1997; Singh et al. 2000; Bodour and Maier 2002). Many groups
have shown that biosurfactants are important for microbial growth and survival in
the environment, for example, surfactin is necessary for fruiting body formation by
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B. subtilis and rhamnolipid is essential for normal biofilm development in P. aeruginosa
(Branda et al. 2001; Davey et al. 2003). Mohammadipour et al. (2009) isolated sur-
factin producing strains of B. subtilis from different climatic regions of Iran and
evaluated their antagonistic characteristics against Aspergillus flavus and
Colletotrichum gloeosporioides following biochemical and molecular techniques.
Fourteen bacterial strains were found positive for surfactin production based on
molecular studies and surfactin production was also confirmed by HPLC. All sur-
factin producing strains harboured sfp gene.

Biosynthesis of surfactin is a property of the members of group Bacillus. The
naturally occurring surfactin is a mixture of molecules which differ in chain length
and branching of its B-hydroxy fatty acid and amino acid sequences (Kowall et al.
1998). Surfactin prevents fibrin clot formation by inhibiting the aggregation of
platelets, thus are haemolytic in nature (Lim et al. 2005). Besides, it also helps in
removal of heavy metals from contaminated soil and sediments in addition to solu-
bilization and degradation of hydrophobic compounds thus may be an effective tool
in bioremediation (Mulligan 2005). Recently, Leclere et al. (2006) showed that
colonization behaviour and biofilm formation of B. subtilis strains depend upon the
kind of lipopeptides produced and the architecture of the colony, the floating ability
as well as thickness of the pellicle formed at air/liquid interface which is greatly
influenced by the nature of lipopeptides produced.

Biologically, surfactin appears to play an important role in colonization of sur-
faces and acquisition of nutrients through their surface wetting and detergent prop-
erties. Surfactins, in fact increase the wettability and decrease the surface tension of
the medium. This dual activity may be considered as a synergistic effect of biocon-
trol agents towards phytopathogenic fungi as a result of an increase in the ability of
bacteria to colonize the target surfaces together with antifungal action. Surfactins
display strong antibacterial and antifungal properties, probably because of their
capability of making cell membranes permeable (Heerklotz and Seelig 2007). Thus,
in a way, surfactins display an array of amazing activities however the underlying
mechanisms remain unclear and need to be explored further.

6.4.3 The Fengycin Family

Members of fengycin family including the related plipastatin, are cyclic lipodecapep-
tides containing a B-hydroxy fatty acid (saturated or unsaturated) with a side chain
length of 16-19 carbon atoms. The peptide part of fengycin contains four D-amino
acids and an unusual amino acid, ornithine. Structurally, fengycin A is comprised of 1
D-Ala, 1 L-Ile, 1 L-Pro, 1 D-allo-Thr, 3 L-GIx, 1 D-Tyr, 1 L-Tyr, 1 D-Orn, while in
fengycin B the D-Ala is replaced by D-Val. The biosynthesis of fengycins or plipasta-
tins is mediated through NRPSs encoded by an operon consisting of five open reading
frames fenA-E (or psA-E) (Fig. 6.2) (Chen et al. 1995; Steller et al. 1999). However,
unlike iturin or surfactin biosynthesis, mechanism of fengycin regulation is com-
pletely unknown. Fengycins are comparatively less haemolytic than iturins and
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surfactins but are strongly antifungal in nature, particularly against filamentous fungi
(Koumoutsi et al. 2004; Hofemeister et al. 2004). Although the mechanism of action
of fengycins is less well understood compared to other lipopeptides but they are also
believed to interact with the lipid bilayers and alter the membrane stability and perme-
ability in a dose dependent manner (Deleu et al. 2005).

Fengycins together with iturins have been shown to be responsible for biocontrol
activity of Bacillus species against several pathogens in vitro as well as in vivo in
different plant species (Kim et al. 2004, 2010; Ongena et al. 2005; Ramarathnam
et al. 2007; Romero et al. 2007). Romero et al. (2007) showed that both iturin and
fengycin families were the key components of antagonistic activity of B. subtilis
strains against Podosphaera fusca, a pathogen infecting melon leaves. The fungal
inhibition observed was attributed to antibiotic compounds produced which inhib-
ited the conidial germination of P. fusca. More importantly, in situ recovery of these
lipopeptides from bacteria treated melon leaves, provided interesting evidence of
their putative involvement in the antagonistic activity. Further studies involving site
directed mutagenesis targeted to suppress the biosynthesis of different lipopeptides,
confirmed the above findings as mutants impaired in genes concerned with produc-
tion of iturins and fengycins were unable to produce the respective lipopeptides thus
failed to exhibit biocontrol action.

Direct evidence of the role played by fengycins in disease reduction comes from
a study involving B. subtilis S499 which produces lipopeptides very efficiently,
especially different types of fengycins (Jacques et al. 1999; Ongena et al. 2005).
Strain S499 displayed strong antifungal activity against Botrytis cinerea, a causal
agent of gray mold disease on apple fruits. The culture extract enriched with lipo-
peptides efficiently suppressed the fungal pathogen on wounded apple and the
inhibition was due to in situ production of fengycins in inhibitory concentration
(Ongena et al. 2005).

6.5 Rhizospheric Competence and Ecological Fitness
of Bacillus

Surface mobility is an important mechanism of bacterial colonization of new envi-
ronments. Some root exudates viz., sugars, organic acids or amino acids stimulate a
positive chemotactic response in bacteria such as Bacillus and help to move over the
root surface (Somers et al. 2004). Nevertheless motility is advantageous for plant
growth promotory rhizobacteria also, that helps to establish a stable relationship
with the plant surface as it favours rapid and effective colonization. Considering that
phytopathogenic fungi and other soil dwelling competitors of PGPR are highly
motile organisms, motility seems to be a crucial pre-requisite for survival in the
environment. Rapid colonization on host surface means winning competition with
the antagonists inhabiting the same niche (Shapiro 1998; Kinsinger et al. 2003).
Furthermore, it helps bacterial colonies to move over the root surface to reach
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nutrient rich new sites. Reports are available wherein Bacillus lipopeptides have
been shown indispensable for surface motility (Kinsinger et al. 2003).

Root colonization by bacteria is a complex process that may involve lipopeptides
at different levels. Bacterial attachment and aggregation in the form of microcolonies
is the basis of root colonization by rhizobacteria and such microcolonies may be
considered as a type of biofilm (Lugtenberg et al. 2001). Biofilms, in this regard are
viewed as highly structured multispecies communities, a prevalent form of existence
of microorganisms in every ecosystem. Among the bacterial communities, species of
Bacillus are believed to form a robust biofilm over the biotic and abiotic surfaces.
Under laboratory conditions the most common form of this structure is pellicle for-
mation, a robust form of biofilm, at air/liquid interface. Studies have shown the
involvement of surfactins in the pellicle formation at air/liquid interface (Branda
et al. 2001; Kinsinger et al. 2003; Hofemeister et al. 2004; Leclere et al. 2006).
B. amyloliquefaciens FZB42, a well known PGPR strain forms robust pellicles at air/
liquid interface in liquid culture without shaking. Lipopeptide surfactin together with
a protein were believed to be essential for biofilm formation and swarming motility
of strain FZB42 because mutants defective in surfactin biosynthesis were found
impaired in biofilm formation (Chen et al. 2007). Bais et al. (2004) confirmed the
role of surfactins in biofilm formation by B. subtilis 6051 on the roots of Arabidopsis
plant and showed that genetically modified bacterial strain with impaired surfactin
expression failed to synthesize robust biofilms and displayed reduced colonization
ability. More recently, Chollet-Imbert et al. (2009) showed that culture media/con-
stituents which enhanced the lipopeptide production in B. subtilis strains 21332 and
9943 resulted in increased thickness and robustness of the pellicle synthesized by
these strains. Moreover, the robustness or thickness of the pellicle was found to vary
with the culture medium that favoured lipopeptide production.

Even today, Bacillus species are believed to be less rhizospheric competent than
Pseudomonas species therefore most research is aimed at the development of bio-
control agents based on Pseudomonas species. But several reports are available
wherein Bacillus spp. have been documented as predominant members of microbi-
ota (Mavingui et al. 1992; Milus and Rothrock 1993). This has consistently changed
the viewpoint and now a days, it is believed that rhizosphere competent genotypes
do occur in genus Bacillus. Arias et al. (1999) studied the abundance and spatio-
temporal distribution of Gram positive bacteria on the phylloplane of soybean under
field conditions and most bacterial isolates belonged to the genus Bacillus. Another
study documented the root colonization potential of plant growth promotory strains
B. amyloliquefaciens strain A Z and Pseudomonas spp. strain GRP, under green-
house conditions (Kumar et al. unpublished). Strain A Z was isolated from soybean
(Glycine max L.) rhizosphere and GRP, from rhizoplane. Pseudomonas spp. strain
GRP, is a potential root colonizer known to produce rhamnolipids (biosurfactant)
and siderophore and has been shown to reduce the occurrence of pre- and post-
emergence damping off in chile and tomato (Sharma and Johri 2003a, b; Sharma
et al. 2007). Intriguingly, strain A Z multiplied and colonized the plant rhizosphere
more efficiently than GRP3 (Table 6.1). As evident, the initial bacterial counts were
same for both A|Z and GRP, however after 2 weeks the bacterial population of
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Table 6.1 Root colonization of soybean (Glycine max L.) by PGPR strains

Rhizobacterial population

Bacterial population (CFU ml") (CFU g™
Strain Inoculum (ty)* 14 DAT*
B. amyloliquefaciens AZ 1.2x10% 24x10'A
Pseudomonas spp. GRP, 1.2x10% 1.4x10'B

DAI days after inoculation
*Data represents the average of three replicates. Values with different letters (lower-case and
capital) were significantly different (p<0.05)

strain A |Z was found to be considerably higher compared to GRP,. This clearly
indicates the rhizospheric competent aptitude of strain A Z, a necessary pre-requisite
for competitive root colonization. Indeed, pseudomonads are the key players in
rhizospheric microenvironment and the population of GRP, increased significantly
(p<0.05) when compared to initial population counts used as inoculum, however
bacterial population of strain A Z was reported significantly higher than GRP,.
Although, both A Z and GRP, were isolated from the soybean plant however the
two strains differed in their ecological niche and it was envisaged, that being
indigenous to the soybean rhizosphere, strain A Z was able to catabolize the root
exudates from soybean more efficiently than strain GRP, as nutrient source with the
result the prevailing rhizoenvironment favoured the growth and multiplication of
strain A Z. Since the microenvironment of the rhizosphere is believed to be more
competitive than rhizoplane, it could be speculated that strain A Z had adopted
better competitive aptitude than GRP,. Both A Z and GRP, are producers of biosur-
factants (bacillomycin D and surfactin and, rhamnolipids, respectively) that help in
formation of biofilms and hence root colonization but what accounts for the notable
root colonization potential of strain A Z, is yet unclear. Nevertheless, the lipopep-
tides as biocontrol determinants can affect the ecological fitness of Bacillus and
given their production under natural conditions is regulated, they can possibly be
engineered into competent root colonizers and effective biocontrol agents against a
wide spectrum of pathogens. But this is a challenging issue that needs the applica-
tions of advanced molecular tools to resolve the complexity of nutritional require-
ments imposed by the host plant, understanding the dynamics of co-habiting
microbial communities and the unpredictable variations of physico-chemical factors
(pH, temperature, oxygen requirement and mineral content) inherent to the soil
which govern the production of lipopeptides.

6.6 Lipopeptides as Inducers of Disease Resistance

Although, in current scenario commercialization of PGPR is proceeding with
emphasis on Bacillus species rather than pseudomonads, the preponderance of
research on PGPR as elicitors of plant growth or induced systemic resistance (ISR)
employs pseudomonads as PGPRs (Kloepper et al. 2004). However, there are some
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published reports on ISR elicitation by Bacillus spp. suggesting that specific strains
of the species B. amyloliquefaciens, B. subtilis, B. pasteurii, B. cereus, B. pumilus,
B. mycoides and B. sphaericus could act as elicitors of ISR (Choudhary and Johri
2009; Kloepper et al. 2004). Experimental studies have shown that elicitation of
ISR by these strains led to a significant reduction in severity or incidence of various
diseases on a diversity of hosts under greenhouse or field conditions (Kloepper et al.
2004). For example, elicitation of ISR in sugar-beet was found to be associated with
increased peroxidase activity coupled with enhanced production of chitinase and
B-1,3-glucanase by B. mycoides strain Bac] and B. pumilus 203-6, respectively
(Bargabus et al. 2002, 2004).

Induction of plant defense system by fengycins and surfactins was shown in a
study conducted on bean and tomato (Ongena et al. 2007). Mutants with overproduc-
ing lipopeptides generated from wild type B. subtilis 168, a strain unable to synthe-
size these compounds, displayed a macroscopic reduction in severity of disease on
plants. The protection was attributed to the metabolic changes associated with the
plant defense responses. Lipopeptides such as fengycins can interact with plant cells
as bacterial determinants and mount an immune response through induction of sys-
temic resistance. In a study on potato tubers, treatment with pure fengycins resulted
in accumulation of plant phenolic compounds which either were involved in or
derived from, phenylpropanoid metabolism (Ongena et al. 2005). A strong evidence
for the involvement of lipopeptides as potential inducers of plant resistance comes
from the work of Tran et al. (2007) on massetolide A. The purified molecules of mas-
setolide A, a cyclic lipopeptide produced by Pseudomonas fluorescens, successfully
elicited ISR in tomato plants against Phytophthora infestans and concomitantly
mutants deficient in massetolide A production, failed to protect the plants.

Podile and Dube (1988) isolated B. subtilis strain AF1 from soils suppressive to
pigeon pea (Cajanus cajan) wilt caused by Fusarium udum. This strain was reported
to cause lysis of Aspergillus niger thereby reducing the incidence of crown rot of
peanut caused by Aspergillus (Podile and Prakash 1996). Later on, strain AF1 was
found to induce the production of enzymes, phenylalanine ammonia lyase (PAL)
and peroxidase, which are associated with elicitation of ISR (Podile et al. 1995).
Further studies by Sailaja et al. (1997) demonstrated that biological control of
Aspergillus niger by strain AF1 was associated with the induction of lipoxygenase
activity in pea seedlings indicating that strain AF1 elicited ISR in peanut. However,
Some authors proclaimed that experimental results of Sailaja et al. (1997) did not
confirm that biological control exhibited by AF1 is a result of ISR, given that a
conclusive demonstration of ISR requires a spatial separation of pathogen from
eliciting bacterium (Kloepper et al. 2004). Moreover, after it has been confirmed
that a bacterium displays biolocontrol action against a soil/root borne pathogen,
how does one prove that ISR accounts for the biological control observed? Given
there is found an increase in the production of defense related compounds, should
this information be considered sufficient to state that the bacterial strain elicits ISR?
These questions need to be addressed among researchers and a demonstration of
systemic reduction in disease incidence together with spatial separation of pathogen
and the inducer could probably answer the above questions.
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6.7 Factors Affecting Production of Lipopeptides

Nutrient availability is one of the major limiting factors in the rhizosphere that
can greatly influence the production of biocontrol determinants by rhizobacteria
(Van Rjj et al. 2004; Ongena et al. 2007). Several studies have shown the effects of
different substrates (carbon, nitrogen and iron source) and physiological conditions
(temperature, pH and oxygenation) on lipopeptide production by Bacillus strains
(Cosby et al. 1998; Peypoux et al. 1999; Guez et al. 2008). The type of culture
medium has been reported affecting production of lipopeptides by the bacteria. In a
study, Bacillus amyloliquefaciens strain RC-2 was incubated in different culture
media: Potato sucrose (PS), Potato semisynthetic (PSS), Luria Bertani (LB), potato
dextrose (PD), King’s B (KB) and peptone potato dextrose (PPD) media, for pro-
duction of antifungal lipopeptides (Yoshida et al. 2001). The lipopeptide production
was found to be higher in PSS and PPD media. The undiluted and even diluted
(eight-fold) culture filtrates from PSS and PPD were found to completely inhibit the
mycelial growth of Colletotrichum dematium. Likewise, the undiluted culture fil-
trates from PS and PD also suppressed the mycelial growth but antimycotic activity
was lost when filtrate was diluted (four-fold to eight-fold). Although culture super-
natant from KB and LB displayed antifungal action against the screening pathogen,
however the antimycotic activity was significantly lower than other media used.
Moreover, increased concentration of peptone (a mixture of several kinds of amino
acids) resulted in increased production of antifungal compounds, suggesting that
peptone is a key nutrient for biosynthesis of antifungals by strain RC-2. This pre-
sumption was also supported by findings of Emilianus et al. (1997) who reported
enhanced lipopeptide antibiotic production by B. amyloliquefaciens 383B using
peptone as nitrogen source, but a mixture of yeast extract and peptone in a fixed
proportion led to enhanced production of antibiotics. This indicates that medium
composition/constituents greatly influence the production of antimycotic lipopep-
tides. Similarly carbon is also a vital component of living organisms and without
any carbon source no antibiotic production was reported while the best carbon
source for antibiotic production was found to be glucose (Emilianus et al. 1997).
Although, use of galactose and lactose as carbon source resulted in increased
bacterial growth however no significant increase in antibiotic production was
observed. In another study, depletion of carbon source in the medium had been cor-
related with decreased lipopeptide production in the culture medium (Chollet-Imbert
et al. 2009). Conclusively both nitrogen and carbon source are essential for biosyn-
thesis and production of antibiotic lipopeptides.

The physical variables (pH, temperature and agitation) affecting the biological
processes, indirectly influence the production of antifungal lipopeptides (Cosby
et al. 1998; Jacques et al. 1999). Emilianus et al. (1997) studied the effect of physi-
cochemical parameters on production of bioactive compound(s) from B. amylolig-
uefaciens strain 383B. A pH range between 6.0 and 7.0 and temperature 28°C were
found optimum for production of antibiotics from strain 383B. Low pH (3—4) and
high pH (8-9) reduced the bacterial growth significantly resulting in poor antibiotic
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production while at higher temperature, a pH drop was observed coupled with
reduced antibiotic production. Similarly, Vater et al. (2002) found higher biosurfac-
tant production from B. subtilis C-1 at 25°C and 30°C than at 45°C. Since pH and
temperature, both affect the enzyme activity, necessary for growth and production
of antibiotic lipopeptides, therefore it can be inferred that pH and temperature have
significant effects over production of antibiotic lipopeptides. However, different
strains behave differently with respect to lipopeptide production under varied condi-
tions. For example, Chollet-Imbert et al. (2009) studied the lipopeptide production
from two strains of B. subtilis, viz. 21332 and 9943 under repetitive batch cultures
and continuous culture conditions. While the lipopeptide productivities were very
low for strain 21332 under continuous conditions, strain 9943 showed a relatively
higher surfactin and better fengycin productivity.

The physiological conditions prevailing in the rhizosphere can also trans-
form the antibiotic gene expression, in addition to the development of bacterial
population owing to change in quantity and composition of root exudation
(Lugtenberg et al. 2001; Bais et al. 2006). Subsequently, the microbiota adher-
ing to the roots, imposed under nutrient starvation would be affected such that
expression of genetic elements responsible for production of antibiotics is
altered and it could favour the production of one specific family of LP inhibiting
the production of other LP family. Transcriptional mechanisms, such as quorum
sensing have also been shown to play an important role in regulation of LP pro-
duction in situ (Hamoen et al. 2003; Duitman et al. 2007). Although production
of LPs from all three families (iturin, surfactin and fengycin) has been reported
infrequently, quantities produced in the rhizosphere are difficult to estimate.
Nevertheless, improvements in the analytical techniques such as spectrometric
methods viz., matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF), eletrospray ionization-mass spectrometry (ESI-MS) have provided us
with tools to detect/estimate the LP quantities in whole cells or culture extracts
directly (Vater et al. 2002; Athukorala et al. 2009; Kim et al. 2010).

6.8 Lipopeptides: Weapons for Biological Control

In most of the cases, the antibiotics have been shown to be effective at suppressing
growth of the target pathogen in vitro and/or in situ. To be effective, antibiotics
must be produced in sufficient quantities near the pathogen to result in a biocontrol
effect. In situ production of antibiotics by several different biocontrol agents has
been measured (Thomashow et al. 2002); however, the effective quantities are dif-
ficult to estimate due to: the small quantities produced relative to the other, being
less toxic, and abundance of other organic compounds in the phytosphere. While
methods have been developed to ascertain when and where biocontrol agents may
produce antibiotics (Notz et al. 2001), detecting expression in the infection court is
difficult because of the heterogeneous distribution of plant-associated microbes
and the potential sites of infection. In a few cases, the relative importance of
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antibiotic production by biocontrol bacteria has been demonstrated, where one or
more genes responsible for biosynthesis of the antibiotics have been manipulated.
For example, mutant strains incapable of producing phenazines (Thomashow and
Weller 1988) or phloroglucinols (Keel et al. 1992; Fenton et al. 1992) have been
shown to be equally capable of colonizing the rhizosphere but much less capable
of suppressing soil borne root diseases than the corresponding wild-type and com-
plemented mutant strains.

Several biocontrol strains are known to produce multiple antibiotics which can
suppress one or more pathogens. For example, Bacillus cereus strain UWS8S5 is
known to produce both zwittermycin (Silo-Suh et al. 1994) and kanosamine
(Milner et al. 1996). The ability to produce multiple antibiotics probably helps to
suppress diverse microbial competitors, some of which are likely to be plant
pathogens. The ability to produce multiple classes of antibiotics, that differen-
tially inhibit different pathogens, is likely to enhance biological control.
Pseudomonas putida WCS358r strains genetically engineered to produce
phenazine and DAPG displayed improved capacities to suppress plant diseases in
field-grown wheat (Glandorf et al. 2001; Bakker et al. 2002). More recently, in
situ production and recovery of both iturin and fengycin families of lipopeptides
provided a direct evidence of their putative involvement in suppression of cucur-
bit powdery mildew disease (Romero et al. 2007).

6.9 Biocontrol Activity of Mutants Deficient in Lipopeptide
Production: Experimental Evidences

Bacillus lipopeptides play a pivotal role in biological control of pathogens (Table 6.2)
and several authors have proved it experimentally through studies conducted on
mutants generated by gene replacement/elimination strategy. Koumoutsi et al.
(2004) evaluated the biological activity of B. amyloliquefaciens FZB4?2 (a producer
of surfactin, fengycin and bacillomycin D) and mutants of FZB42, following direct
growth tests and bioautography. Conversely, wild type strain FZB42 was found to
inhibit the mycelial growth of several plant pathogenic fungi viz., Gaeumannomyces
graminis, Rhizoctonia solani, Alternaria alternatae, Pythium aphanidermatum, and
Fusarium spp. including F. oxysporum while mutant strain deficient in bacillomycin
D synthesis were severely impaired in antimycotic activity implying that bacillomy-
cin D contributed significantly towards the antifungal activity of strain FZB42.
Intriguingly, strains with double mutations in s7fand feng gene clusters still retained
antifungal activity. Moreover strains harbouring mutations in bmy and feng gene
clusters could not inhibit the mycelial growth of pathogens, suggesting the synergis-
tic action of bacillomycin D and fengycin against the target pathogens (Koumoutsi
et al. 2004). Similarly, protective action of iturin and fengycins was apparent from
the reports of Romero et al. (2007) who demonstrated the in sifu production of iturin
and fengycin lipopeptides from strains of B. subtilis on melon leaves against
Podosphaera fusca. While the wild type strains retained antifungal activity, mutants
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deficient in production of iturin and fengycins were unable to suppress the pathogen,
clearly indicating that the biocontrol activity of strains was due to production of
antifungal lipopeptides.

6.10 Conclusions and Future Perspectives

Several reports have described Bacillus strains worthy of use as biocontrol agents of
phytopathogens (Shoda 2000). One of the most important reasons being an amazing
battery of antibiotics produced which exhibit antimicrobial spectrum against a wide
variety of pathogens and contributes towards the survival of the producing strains in
their ecological niche (Stein 2005). The ‘hay bacterium’ B. subtilis is known to
produce over two dozen antibiotics, requiring more than 350 kb of the total genome
that accounts for a remarkable 10% of the total annotated ORFs. The potential of a
given B. subtilis strain for antibiotic synthesis is comparable with B. amyloliquefa-
ciens encompassing six operons of 306 kb corresponding to 7.5% of the genome
(Koumoutsi et al. 2004). Altogether it seems to be that B. subtilis is outstanding in
the genus Bacillus with regard to its potential to produce so many different antibiot-
ics. Nevertheless, other bacilli such as B. brevis or B. amyloliquefaciens also pro-
duce a couple of antibiotics although their number seems to be minor as compared
to B. subtilis.

Lipopeptide antibiotics are by far among the most frequently produced B. subti-
lis antibiotics. They along with some other amphiphilic compounds act as low
molecular mass surfactants which alter the physical/chemical properties at inter-
faces probably either by increasing the surface area of hydrophobic water insoluble
growth substrates or by increasing the availability of hydrophobic substrates or by
modifying the ability of microorganisms to attach to the surfaces (Rosenberg and
Ron 1999). The antifungal action of lipopeptides, in addition to surfactin (fengycin,
iturin or bacillomycin) seems to be advantageous for the producing Bacillus strains
as it helps to eliminate the competitors inhabiting the same ecological niche.
Although antibiotics are produced by a wide array of bacterial strains, they are not
obligatory for the general survival of the producing genera. Therefore, it has been
speculated why antibiotics are synthesized and if they play any biological role other
than being antimicrobials (Stein 2005).

The comprehensive studies based on in vitro or in situ biocontrol action of
Bacillus spp. proved the occurrence of three different lipopeptide antibiotics; sur-
factin, fengycin and iturin A or bacillomycin compounds as major determinants of
their antimicrobial property against different necrotrophic phytopathogenic fungi.
These findings enlisted in this microreview together with the fact that the biocontrol
efficacy of each strain is closely associated with the lipopeptide production, strongly
supports the relevant role of antibiosis as a major factor involved in the protective
effect of these strains (Stein 2005; Ongena and Jacques 2008; Chen et al. 2009).
Basically, in this review we have tried to highlight the competitive advantage of
efficient production of surfactin, fengycin and iturin with their specific action and
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targets. Within each family, some of the structural homologues seem to be more
active than others and it is probably for this reason that some Bacillus strains effi-
ciently control pathogens/diseases than others.
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Chapter 7
Frankia and Actinorhizal Symbiosis

Arnab Sen and Arvind K. Misra

Abstract The actinobacterial member Frankia has a special significance as nitrogen
fixing partner in symbiosis with some non-leguminous plants. Frankia seems to
have entered into symbiotic association with many diverse dicotyledonous plants
belonging to eight families independently several times during the course of evolu-
tion of this important symbiosis. Since this association confers a special ability to
colonize soils low in nitrogen, actinorhizal plants are able to act as pioneers in the
regeneration of Jhoom fallows, land slide affected areas, mine spoils, etc. They are
also useful as wind breaks and as sand dune stabilizers. The accessibility of the
complete genome sequences for three Frankia strains has provided new evidences
pertaining to its evolution and structure, interactions between actinorhizal plants
and their diversity. The establishment of the structure of NifH proteins from Frankia
provided significant insights into the structure-function relationships. Analysis of
the nif genes and whole genomes of Frankia using nucleotide triplet based phylogeny
highlighted the roles of lateral gene transfer and gene duplications.
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7.1 Introduction

In the general perception symbiotic nitrogen fixation only means legume-rhizobia
symbiosis. However, another exceedingly important symbiotic association between
actinorhizal plants and Frankia is a substantial contributor of reduced nitrogen in
nature. Frankia is a prokaryote that fixes atmospheric di-nitrogen in a manner similar
to other free living or symbiotic nitrogen fixers. Unlike the relatively narrow range
of hosts for rhizobia, Frankia is able to nodulate about 24 genera belonging to
8 diverse flowering plant families (Table 7.1). Surprisingly, the association is genus
specific and not family specific. It means that not all genera belonging to a family
form root nodules with Frankia. For example, while genus Alnus of family
Betulaceae forms symbiotic root nodules with Frankia, the type genus Betula of the
same family does not. This and other observations lead many workers to hypothe-
size multiphyletic origin of this symbiosis (Swensen and Mullin 1997; Ritchie and
Myrold 1999).

All actinorhizal plants are perennial dicots, found in all continents except
Antarctica and except Datisca are woody trees. They are predominantly found in
temperate regions. Some species are tropical. Actinorhizal plants abound in areas

Table 7.1 List of known Family Genus
actinorhizal plant genera and
their families

Casuarinaceae Allocasuarina
Casuarina
Ceuthostoma
Gymnostoma
Betulaceae Alnus
Myricaceae Comptonia
Myrica
Elaeagnaceae Elaeagnus
Hippophae
Shepherdia
Coriariaceae Coriaria
Rhamnaceae Ceanothus
Colletia
Discaria
Kentrothamnus
Retanilla
Talguenea
Trevoa
Datiscaceae Datisca
Rosaceae Cercocarpus
Chamaebatia
Cowania
Dryas
Purshia
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close to the poles (Scandinavia, Canada, New Zealand, etc.). In Indian subcontinent
and China, they are found in mountainous regions (Himalayas, Nilgiri Hills, etc.).
In India, they are found in higher reaches of Himachal Pradesh, Jammu and Kashmir,
Arunachal Pradesh, Meghalaya, Sikkim, West Bengal, Nagaland and in coastal
areas. The genera found in India are Alnus, Casuarina, Coriaria, Elaeagnus,
Hippophae and Myrica. Hippophae is found in both west and east Himalayas at
altitudes above 2,000 m. Casuarina is found in coastal regions of the country.

Actinorhizal plants are pioneers on nitrogen poor soils including sandy and
gravelly sites, shores of streams and lakes, wetlands and exposed raw mineral soils.
Their ability to harbour nitrogen fixing Frankia in root nodules enables them to
colonize nitrogen depleted soils and soils disturbed by landslides, etc. Therefore,
they are used in land reclamation, sand dune stabilization and as wind breaks. Some
yield timber for making packaging chests and fuel wood. Myrica and Hippophae
fruits are taken raw or in processed form. Both have high nutritional value. Myrica
is used in traditional Indian system for treating coughs and cold. Its fruit has high
vitamina C content. Hippophae is gaining in importance lately with the Defence
Research and Development Organization, Leh, popularising technology for produc-
tion of packaged drink from its fruits. Indian soldiers are given this as nutritional
supplement in higher reaches of Himalayas. Its fruit drink has been used by Russian
astronauts as a nutritional supplement in space.

7.2 Morphology of Frankia in Culture

Frankia is a filamentous actinomycete with hyphae ranging from 0.5 to 1.5 pum in
diameter. It is microaerophilic (Burggraaf and Shipton 1982) and forms submerged
colonies below the surface of culture medium. In culture the hyphae get compacted
and produce thalli and grow radially. The cell walls are composed of two layers of
electron dense material (Horriere et al. 1983). Numerous rosette shaped granular
glycogen bodies have been detected inside the hyphae (Benson and Evenleigh
1979). A large number of cytoplasmic tubules averaging 45 nm in diameter are
present around the periphery of the hyphal cell cytoplasm (Lancelle et al. 1985).

7.3 Morphology of Frankia in Nodules

Nodule sections have revealed the presence of Frankia hyphae in cortical cells
(Fig. 7.1). Electron microscopic studies of nodule sections show the presence of
hyphae and vesicles such that the vesicles are radially arranged outward. However,
Casuarina compatible Frankia do not form any vesicles within nodules, although
the same do form vesicles in culture. Possibly the thickening of host tissues prevents
diffusion of oxygen in the nodules of Casuarina. Therefore, the formation of vesicles
does not occur in such nodules.
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Fig. 7.1 TS of root nodule of Alnus nepalensis showing Frankia hyphae in cortical cells (Ganesh
et al. 1994)

7.4 Spores and Sporangia

Spores are borne in sporangia that may be as large as 60 um (Tjepkema et al. 1980).
The sporangia may be intrahyphal or terminal (Newcomb and Wood 1987) and may
be pear shaped or columnar (Horriere 1984) (Fig. 7.2). They are attached to sub-
merged filaments by a sporangiophore (Baker et al. 1979). In some isolates, interca-
lary elongated sporangia like structures are formed that can get disrupted into spore
like units (Diem et al. 1983). Sporangia develop by hyphal thickening and formation
of septum originating from inner layer of a double layered sporangial cell wall
(Horriere et al. 1983). Segmentation within the enlarging sporangia may produce
multicellular sporangia containg many spores. Spores are about 1 pm in diameter
and may be spherical or oblong in shape (Tjepkema et al. 1980). Mature spores
show evenly dispersed cytoplasm without tubules (Lancelle et al. 1985) They ger-
minate at variable rate with 1-3 germ tubes (Lechevalier and Lechevalier 1989).

Some strains of Frankia do not seem to produce spores within the nodule while
others do. On the basis of this two types of strains have been classified. They have
been called as Sp* and Sp~ depending on whether they produce spores within nod-
ules or not. The so called Sp~ strains do produce spores in culture. It is difficult to
culture Sp* stains (Simonet et al. 1994). In fact the rare cultures obtained from Sp*
strains do not sporulate once reintroduced into the host. Further investigations are
required to understand this behaviour of Frankia stains.
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Fig. 7.2 Electron micrograph
of cultured Frankia isolate
showing sporangium (s) and
spores (sp)

7.5 Vesicles

Hyphae may form thickened spherical club shaped structures called as vesicles
(Fig. 7.3) that are sites for nitrogen fixation (Baker et al. 1979). The nitrogenase
enzyme responsible for nitrogen fixation is located within the vesicles (Meesters
et al. 1987). Under Normarski interference phase optics, vesicles show thickened
walls (Tjepkema et al. 1980) that may protect nitrogenase enzyme from oxygen.
Thus Frankia vesicles functionally resemble heterocysts found in cyanobacteria.
Vesicles are produced under nitrogen stress and are suppressed in nitrogen abun-
dance. Some strains may produce vesicles even in presence of available nitrogen
(Gauthier et al. 1981). The vesicles range between 2 and 4 pm in diameter and are
laminated with several layers of lipid mono-layers (Torrey and Callaham 1982).

7.6 Taxonomy of Frankia

Frankia belongs to family Frankiaceae of the order Actinomycetales. Initially, ten
species of Frankia were created based on the host specificity studies (Lechevalier
1994). However, subsequent studies showed that the host specificity of Frankia is
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Fig. 7.3 Electron micrograph
of cultured Frankia isolate
showing hyphae (#) and
vesicle (v) with stalk (s7)

not as rigid as that of Rhizobium since strains isolated from one host species could
nodulate other host species (Bosco et al. 1992). Therefore, this criterion for defining
species may be flawed. The availability of molecular methods resulted in fresh look
at defining species in Frankia genus. Normand et al. (1996) emended the family
Frankiaceae based on rDNA studies. They have defined four major groups called as
clusters based on the rDNA Phylogenetic tree. Group 1 comprises of Alnus,
Casuarina and Myrica compatible isolates, Group 2 comprises of Dryas compatible
isolate and unisolated microsymbiont of Coriaria nepalensis and Datisca canabina,
Group 3 comprises of Elaeagnaceae isolates and Group 4 comprises of atypical
isolates that are non-infective and non-nitrogen fixing. They have gone on to put
together the characteristic features of members of family Frankiaceae as below-
‘Hyphae extensive, aerial mycelium absent, hyphal diameter varies from 0.5 to
2.0 pm. Branching is limited to extensive, The mycelium may bear terminal or
lateral thick-walled diazovesicles. A part of the thallus is composed of irregularly
shaped cuboid to oval cells that divide in more than one plane. These cells are
non-motile, possess an outer membrane and may germinate to give filaments.
Gram positive to Gram variable. Aerobic to microaerophilic. The nitrogen sources
used are amino acids and ammonia; atmospheric nitrogen is fixed in vivo and
in vitro by most strains. The carbon sources used include carbohydrates, organic
acids and fatty acids. Found in soil and as symbionts of higher plants. The cell wall type
is type III (meso-diaminopimelic acid, glutamic acid, alanine, glucosamine and muramic
acid). The whole-cell sugar patterns include patterns B (3-O-methyl-D-galactose,
madurose), D (xylose), and E (fucose). 2-O-methyl-D-mannose is a diagnostic sugar.
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Phospholipid pattern PI. The major menaquinone is MK-9(H,). Fatty acid pattern 1.
All strains tested contain hopanoid lipids (25a). The family comprises the single
genus Frankia. Frankia genus therefore comprises of soil microorganisms that are
difficult to isolate and study.

7.7 Frankia Research in the New Era

Like other diazotrophs the research on the actinobacteria, Frankia underwent a sea
change in the post genomics era. This was significant being a symbiotic partner
with a number of non-leguminous plants. Although a lot of work has been per-
formed by Frankia biologists in the pre-genomic era with respect to its culture
characteristics, biochemistry, physiology, molecular characterization, taxonomic
and phylogenetic analysis exceedingly modest attention was given to its genomic
comparisons (Ventura et al. 2007). The sequences for 16S rRNA and nif genes
came to be available in the public domain in the 1990s and most of the scientists
concentrated around determination of meaningful interrelationships using sequence
alignment methods for bioinformatics analysis. McEwan and Gatherer (1999) used
some codon indices to predict gene functionality in a nif operon of Frankia. Sur
et al. (2006) investigated the codon usage and intergenic associations in the nif
genes Frankia EulK1 and compared the results with Bradyrhizobium. They
reported high bias and interplay of mutational pressure as well as translational
selection. However, this was very little and comprehensive comparative sequence
studies became exceedingly important so as to get insights into the molecular
nature of the organism.

7.8 Frankia Genomes and Their Comparative Analysis

It is well known that Frankia is a very difficult bacterium to isolate in pure culture
and consequently its sequencing too was not that easy. It was in the year 2007 that
Normand et al. (2007) in their classic paper published the complete genome
sequences of three Frankia strains CcI3, ACN14a and EAN1pec isolated from three
different host plants. These sequences yielded considerable data with respect to
their interrelationships and evolution especially the size difference. This size varia-
tion was reported to be the largest amongst closely related soil bacteria (Normand
et al. 2007). Normand and his co-workers were instrumental in putting forth the
concept that the differences in size amongst the Frankia genomes were due to the
biogeographic history of the host plants for each strains. Events like gene deletions,
duplications and acquisitions were vital. They also put forward the concept that host
plant diversification was directly proportional to genome expansion and the reverse
for genome contraction. Strain ACN14a was the most stable genome compared to
Ccl3 and EAN1pec. Benson and Dawson (2007) reported that geographical isolation
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owing to continental drift resulted in the development of varied affinities of Frankia
for host plants. Normand et al. (2007) compared the three sequenced Frankia
genomes and reported that 2,810 genes were common in all the three genomes.

The post genomic era threw up a concept that each genome had its own particular
characteristics (Sur et al. 2010). The genetic code and its degeneracy has been one
of the most intriguing things for biologists. Peden (1999) highlighted that usage of
codons vary amongst the species as well as genes in the same organism. While some
workers (Grantham et al. 1981) reported that variation in codon usage was linked to
tRNA content and translational selection and mutational pressure manipulated
codon usage bias to a greater extent.

Sen et al. (2008) used indices like GC content, GC3 content, effective number of
codons (Nc), relative synonymous codon usage (RSCU), codon adaptation index
(CAI) and Fop (frequency of optimal codons) to study codon usage patterns of the
complete genome sequences for three Frankia strains with special reference to those
associated with nitrogen fixation.

The GC content is an estimate of the quantity of the guanine cytosine in sequences
(Sur et al. 2006, 2007, 2008; Mondal et al. 2008). GC3 content is the percentage of
G or C nucleotides in the third codon position. Effective number of codons (Nc)
measure overall codon bias of codons (Wright 1990). The values for effective number
of codons always range from 20 to 61. Nc values are predisposed by mutational
biases and selection for specific codons. During the calculation of the effective
number of codons, primarily F” (F caret) values are calculated in each synonymous
group using the equation:

J

n, Z P l-1

F= = (7.1)
n, —1

where, p symbolize the portion of usage of a codon i contained by its synonymous
cluster of size j, and n_, the whole usage of that synonymous group. The common of
F~ for synonymous groups of same size (i.e. 2, 4, and 6) is also calculated.
Nonetheless, in absence of the isoleucine residues F” is calculated as mean of FA*?

and FA** and Nc is determined using the equation:

Ne=2+9/F™ +1/F*+5/F"* +3/ F*° (7.2a)

To incorporate the effect of G+C bias in Nc values the following equation has
been commonly used to determine expected value of Nc under random usage:

Ne=2+S+{29/[S* +(1-S)"1} (7.2b)

where, S represents GC3 values.

Codon adaptation index (CAI) is generally used to resolve codon usage in
prokaryotes over and above eukaryotes (Sharp and Li 1987). The calculation of
relative synonymous codon usage (RSCU) values from a set of highly expressed
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genes in an organism as determined by Sharp and Li (1987) has been a pre-requisite
for calculating codon adaptation index values. RSCU has been determined using the
equation:

X..
RSCU, =—1 (13)

7
l/nizxij
j=1

Where, X; signified occurrence of the jth codon for ith amino acid, and n, symbolizing
synonymous group for ith amino acid (i.e., 2, 3, 4 or 6). CAI value is calculated by
determination of geometric mean for relative adaptiveness values in codons present
in genes. CAl is determined by the equation:

L
cal :exp[%zmmk) (7.4)
k=1

where, wk signified relative adaptedness of kth codon while L represented number
of synonymous codons in gene. CAI values varied from O to 1 and higher CAI values
indicated that the particular gene of interest had codon usage pattern similar to
highly expressed genes.

Codon bias index (CBI) (Bennetzen and Hall 1982) determined codon bias and
the extent to which gene used optimal codons. CBI values vary from 0 to 1. It is
determined by the formula:

CBI = NO[J/ - Nmn /NIDI - Nran (7'5)

where Noplznumber of optimal codons; N =total number of synonymous codons;
N_ =expected number of optimal codons in cases where codons are assigned
randomly.

Frequency of optimal codons (Fop) (Ikemura 1985) is the percentage of synony-
mous codons that are optimal. Original Fop Eq. 7.6a and modified Fop index
Eq. 7.6b are used when rare codons were identified. Fop is generally determined
using the equations:

Fop =N, atcotons /NWW: odons (7.6a)

Fop oty = N piimatcodons — Nrarecoaons T N. . (7.6b)

rar YRONYNOU

Where, N symbolized the proportion of each codon type used. Fop values ranged
from O to 1.

Sen et al. (2008) used correspondence analysis (Peden 1999) to find out the
degree of associations between different genes and amino acids for the studied
strains. Difference was observed between the strains. Using CAI calculator
(Wu et al. 2005) potentially highly expressed genes were predicted and the
analysis revealed that Frankia CcI3 had a different profile compared to ACN14a
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and EAN1pec. CcI3 had fewer predicted highly expressed genes in COGs in contrast
to strains EAN1pec and ACN14a. A number of genes associated with nitrogen fixa-
tion in the potentially highly expressed category for the studied Frankia genomes
signified the importance of nitrogen fixation. Sen et al. (2008) postulated that these
differences reflected the fact that CcI3 was a symbiotic specialist while the other
two were facultative symbionts demonstrating their ability to exist as free-living soil
dwellers. The authors’ group has also analysed the TTA codon containing genes in
three Frankia strains. The codon usage patterns of those genes have been studied to
look into their nature. Majority of the potentially highly expressed TTA codon con-
taining genes were associated with metabolism. Kosawang (2009) performed com-
parative genomics analysis to understand the regulation of hydrogenases in the
nitrogen-fixing Frankia. He hypothesized that uptake hydrogenase function is
expressed in Frankia strains Ccl3, ACN14a and R43. Kosawang (2009) further
stated that uptake hydrogenase probably acted in reverse direction and involved
hydrogen evolution in R43 and bidirectional hydrogenase function is lacking in
CcI3 and ACN14a.

7.9 Frankia Proteome and Secretome Research

Technological know-how has spurred proteomics research for prokaryotes in this
era (Sur et al. 2010). Development of new techniques coupled with robust bioinfor-
matics tools has improved the science of biological nitrogen fixation. Most of the
research however had dealt with legume-microbe interactions focusing on identifi-
cation of genes and proteins induced during host-bacteria relations (Mathesius
2009) using a cocktail of tools like 2D gel, peptide mass fingerprinting and bioin-
formatics (Rolfe et al. 2003).

Alloisio et al. (2007) studied the proteome of Frankia alni under nitrogen fixing
and nitrogen depleted conditions. The characterization of its proteome led to the
discovery of 126 proteins linked to nitrogen assimilation and oxidative defense system
that were up regulated during growth in nitrogen fixing and nitrogen replete condi-
tions. Mastronunzio et al. (2008) investigated the genome based secretome of three
Frankia strains coming from different host plants. The predicted secretomes were
small including few hydrolases and reflected the adaptation to symbiotic lifestyle.
Mastronunzio et al. (2008) hypothesized that lack of proper secreted polysaccharide-
degrading enzymes in Frankia was a policy to prevent eliciting host responses. They
reported a number of esterases, lipases, and proteases in the core Frankia secretome
and postulated that these probably assisted in hyphal penetration, release of carbon
sources and modification of chemical signals. Niemann and Tisa (2008) investi-
gated the genome of Frankia CcI3 and postulated that it housed two truncated
hemoglobin genes (hboN and hboO). They found that nitric oxide caused increase
in hboN gene expression and virtually was ineffective for hboO expression. They
reported that lower oxygen conditions increased hboO gene expression levels but
not in hboN implying that HboN functioned in protection from nitrosative stress
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while HboO acted as an oxygen transport molecule for respiration in hypoxic
habitats. The publication of the whole genomes of three Frankia strains opened the
opportunity to use proteomics techniques to understand the exoproteome from
Frankia (Mastronunzio et al. 2009). This analysis supported previous bioinformatics
studies that predicted hydrolytic enzymes secreted in Frankia proteomes provided
indication that symbiosis accomplishes partly owing to benign association.
Mastronunzio and Benson (2010) characterized proteomes of Frankia isolated from
Alnus incana subsp. rugosa, Ceanothus americanus and Elaeagnus angustifolia
using a combination of two dimensional liquid chromatography and mass spectrom-
etry. They identified 1,300 proteins of Frankia isolated from Alnus incana and 1,100
proteins from E. angustifolia nodules. Moreover, using one dimensional liquid
chromatography and mass spectrometry 100 proteins were identified in Ceanothus
americanus. These studies highlighted that nitrogenase iron proteins were the most
abundant proteins thus substantiating their role in symbiotic nitrogen fixation. In
proteomics of nitrogen fixers most researchers have dealt on functional annotations
and amino acid compositions and focus on common physical properties have been
lacking and Frankia was no exception. We analyzed the proteomes of Frankia
strains ACN14a, CcI3 and EAN1pec using protein isoelectric point (unpublished)
utilizing bioinformatics tools. We found that in spite of actinobacterial Frankia
being host associated, their isoelectric point was acidic. CcI3 was less acidic
compared to the other two. We hypothesized that since CcI3 was biogeographically
restricted compared to EAN1pec and ACN14a having worldwide distributions, the
capability of ACN14a and EANlpec to survive as facultative symbionts probably
shifted their isoelectric point towards acidity. We also analyzed the isoelectric point
in COGs functional groups for the strains and reported elevated levels of amino
acids in metabolism and poorly characterized groups for ACN14a for acidic cate-
gory portraying the role played by metabolism in influencing the lifestyle of
ACN14a. The abundance of amino acids in the cellular processes group towards
acidity for CcI3 and EANlpec revealed that COGs linked to cellular processes
increased the ability of these strains to respond to signals in the soil and the environ-
ment of the cells modified the shift towards acidity. Lower percentage of amino
acids in the cellular processes group for Ccl3 probably indicated its obligate
symbionts nature.

7.10 Phylogenetic Studies of Frankia in the Post Genomic Era

Like other groups of bacteria, Frankia biologists too studied evolutionary relationships
using morphological as well as chemotaxonomic characteristics in the pre-genomic
era. However, new impetus came with the advent of 16S rRNA based phylogenies
(Ventura et al. 2007). The whole genome sequences of three Frankia strains
(Normand et al. 2007) made it possible to reconstruct phylogenies using larger
dataset thus making it more reliable. Efforts are on by different scientists to
construct genome based phylogenetic trees using alignment free methods, gene
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content methods, based on average sequence similarity, based on chromosomal
disorder and trees based on shared gene families. Leul et al. (2009) studied the phy-
logeny of uptake hydrogenases in Frankia strains. They reported that the structural
subunits of hydrogenase syntons 1 and 2 of Frankia sp. EANlpec were closely
related to Streptomyces avermitilis and Anaeromyxobacter sp., respectively, com-
pared to other Frankia strains, suggesting lateral gene transfer. It was found that
accessory Hyp proteins of hydrogenase syntons 1 and 2 of F. alni ACN14a and
Frankia sp. CcI3 were phylogenetically more close to each other compared to
Frankia EANl1pec. Sur et al. (2009) developed nucleotide triplet based condensed
matrix technique and we applied it for studying evolution of core nif genes as also
whole genomes in Frankia strains and other diazotrophs (unpublished). Gene,
duplications and lateral gene transfers shaped the evolution of these genes. We are
also actively engaged in applying structure based phylogenetic study to Frankia
nif genes.

7.11 Structural Bioinformatics Studies of Frankia Proteins
and RNAs

Contrary to genomics and proteomics research, structural bioinformatics studies on
Frankia macromolecules have been in the backburner for a long time. This might
have been attributed to difficulties associated with protein purifications. Very
recently, Sen et al. (2010) provided the first ever three dimensional structures of
Frankia nitrogenase iron proteins from Ccl3, ACN14a and EANIlpec. The struc-
tures were determined using homology modelling technique. Homology modelling
is dependable methodology for efficiently envisaging the three dimensional structure
of the proteins having precision levels parallel to ones achieved at low-resolution
via experimental technologies (Martin-Renom et al. 2000). The methodology
aligned amino acid sequence of Frankia NifH with that of the most suitable tem-
plate protein 1G5P obtained from Azotobacter vinelandii. They identified the metal
binding sites and functionally important residues. It was found that thiol ligands and
active sites helped in functioning of the protein. Recognition of structurally impor-
tant nests was carried out and clefts and cavities in protein housed the residues that
are significant for functioning during nitrogen fixation. In silico site-directed muta-
genesis demonstrated that mutations of functional residues indeed hampered
nitrogen fixation ability rendering it ineffective. 3D structures clearly illustrated the
structure-function relationship of the proteins. These studies have spurred an interest
amongst the Frankia researchers to look at the structural aspects of other important
proteins in Frankia so as to get a more comprehensive picture of Frankia. The
authors’ group had also studied the structure of 16S rRNA and tRNAs from TTA
codon containing genes in the three Frankia strains (unpublished). Structure of
tRNAs in highly expressed TTA codon containing genes were correlated with their
expression levels and important motifs were identified (unpublished).
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Bioinformatics studies are expected to provide more novel information in Frankia
biology with different workers taking interest in this field. The genome sequencing
of five more Frankia strains are on and are expected to be complete soon. Many
novel pathways, enzymes, genes and proteins are anticipated to be discovered that
would provide a new understanding of Frankia biology as well as interrelationships
between strains coming from different habitats, ecological niches and varied host
associations.
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Chapter 8
Microbes in Agrowaste Management
for Sustainable Agriculture

Surender Singh, Balkar Singh, Brijesh Kumar Mishra,
Alok Kumar Pandey, and Lata Nain

Abstract Agro residues, a precious source of nutrients are being disposed off
because of their bulky nature and non-availability of management practices. Besides
loss of essential plant nutrients and organic matter important for sustainability of the
system, it also causes environmental pollution leading to animal and human health
problems. It is important to recycle these crop residues for restoring soil health and
sustainability of the production system for national food and nutritional security.
Composting can be adopted for large scale recycling of these agrowastes to enriched
compost using efficient microorganisms. Apart from being a source of nitrogen,
phosphorus, potassium, and other nutrients for plants, compost is also believed to
suppress soil-borne diseases in plants. These virtues make composting an ideal
option for processing the enormous quantities of agro wastes that are generated in
the world. Besides this agrowastes may be utilized as a resource for production of
animal feed, biofuel and enzyme to generate additional income.
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Table 8.1 Estimated Crop Residue Production (m. ton)
amounts of crop residues

. . Rice Straw 220.08
generated annually in India
Wheat Straw 121.23
Millet Stalks 18.37
Maize Stacks 19.60
Cassava Stalks 0.37
Cotton Stalks 20.51
Soybean Straw + Pods 18.72
Jute Stalks 4.50
Tobacco Stalks 1.24
Sugarcane  Bagasse 45.00
Cocoa Pods 0.01
Other 99.00
Total 568.63

(Source: Kaushik et al. 2005)

8.1 Introduction

In view of the energy and power crises besides the high cost of agricultural inputs such
as fertilizers, pesticides and irrigation water, agricultural wastes are now considered
quite an important component of farming especially those based on organic systems
including crop residues. Organic amendments in the form of agricultural wastes and
crop residues activate the autochthonous microorganisms of the soil, indirectly stimu-
late the biogeochemical cycles therein and provide various minerals (e.g. N, P, and S)
essential for plant nutrition. Crop residues are plant materials left behind in the farm
after removal of the main crop produce. The quantity of agricultural residues pro-
duced differs from crop to crop and is affected by seasons, soil types, and irrigation
conditions. Production of agricultural residues is directly related to the corresponding
crop production and ratio of residue and produce, which varies from crop to crop and,
at times, with the variety of the seeds in one crop itself. Some data for various agro-
residues at the national level are given in Table 8.1. These materials at times have been
regarded as waste materials that require disposal, but it is increasingly being realized
that they are important natural resources and not wastes. The recycling of crop resi-
dues has the advantage of converting the surplus farm waste into useful product for
meeting nutrient requirement of crops. It also maintains the soil physical and chemical
condition and improves the overall ecological balance of the crop production system.

8.2 Need for Bioconversion

Burning agroresidues in the field is considered a cheap and easy means of disposal of
excess agroresidues. This practice appends to air pollution, increases soil erosion and
decreases the efficacy of soil applied herbicides like isoproturon (Walia et al. 1999).
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According to a survey conducted by Gajri et al. (2002), burning of paddy straw in
the fields, farmers in Punjab (India) lose 38.5 lakh tons of organic carbon, 58,000
tons of nitrogen, 1,900 tons of phosphorous, 34,000 tons of potash and 4,600 tons
of sulphur every year. Direct incorporation of these residues in field solves the prob-
lem of air pollution but it involves additional cost of labour, irrigation and extra
tillage (Sidhu et al. 1998). Moreover, observations of long term experiments indi-
cate that though incorporation of these residues in soil improves soil health signifi-
cantly (Sidhu and Beri 1989; Beri et al. 1992; Beri et al. 1995), it decreases the
subsequent crop yields due to production of microbial phytotoxins (Rao and
Mikkelson 1977) and immobilization of the available nitrogen (Kimber 1973).
Besides, direct incorporation increases the CH, emission especially from rice field
(Chidthaisong et al. 1996; Denier van der Gon and Neue 1995), which in turn adds
to the malice of global warming.

Agroresidues can be alternatively converted into protein rich animal feed or to
compost through lignocellulolytic microorganisms by solid state fermentation. The
increase in the protein content of cellulosic residues to improve their nutritional
value has been proposed by several investigators (Han and Callihan 1974; Moo-
Young et al. 1983). This process is potentially useful in reducing the environmental
impact of these residues and in enhancing animal feed and human food supplies.

Thus the biodegraded product of these agroresidues has enormous potential in
agriculture to recycle nutrients and maintain soil fertility. It is estimated that about
33 mt of nutrients are removed by the crops annually in India. The nutrient addition
by chemical fertilizers has reached 25 mt by 2009. Still there is a gap of 8 mt which
can be narrowed down by bioconversion of agrowastes to compost using efficient
lignocellulolytic microorganisms as the agroresidues has potential to supply 4—6 mt
of NPK annually.

8.3 Role of Lignocellulolytic Microorganisms in Bioconversion

Composting is the biological degradation and stabilization of organic substrate
under conditions that allow development of thermophilic temperature as a result of
biologically produced heat (Gaur 1999). During composting, mesophilic population
builds up initially by the utilization of simple nutrients, which raises the tempera-
ture in the pits. Thermophilic microbes proliferate in the second phase. The final
product is stable, free of pathogens and plant seeds and can be beneficially applied
to land. Microbes cannot directly metabolize the insoluble lignocellulolyitc agrores-
idues and all the biochemical reactions during biodegradation are catalyzed by
enzymes (Ayuso et al. 1996; Garcia et al. 1992; Godden et al. 1983; Vuorinen 1999,
2000). The microbes produce hydrolytic extracellular enzymes like cellulases,
xylanases, amylases, ligninase, laccase etc. to depolymerize the larger compounds
(i.e., plant polymers, cellulose, hemicellulose, and lignin) to smaller fragments that
are water-soluble (Hankin et al. 1976b). Different groups of microbes participate in
bioconversion process.
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8.3.1 Fungi

Hundreds of species of fungi are able to degrade lignocellulose. There are mainly
three types of fungi that preferentially degrade one or more wood components Viz.
soft rot fungi, brown rot fungi and white rot fungi (Kirk 1983). Soft rot fungi
(Ascomycetes and fungi imperfecti) can efficiently decompose cellulose but are
reported to degrade lignin slowly and incompletely. The brown rot fungi
(Basidiomycetes) generally exhibit preference for the carbohydrate components of
wood (Ander and Eriksson 1978; Janshekar and Fiechter 1983; Kirk 1983) with
activity towards lignin largely confined to demethylation (Kirk 1983). White rot
fungi are capable of degrading both lignin and cellulose. The most commonly iso-
lated species of celluloytic fungi in composting materials are Aspergillus, Penicillium,
Rhizopus, Fusarium, Chaetomonium, Trichoderma, Alternaria, and Cladosporium
however, the most extensively studied lignocellulolytic fungi are Trichoderma and
Phanerochaete.

The role of fungi starts when simple, easily degradable substances such as sugar,
starch, and protein are acted upon by bacteria and the substrate is predominated by
cellulose and lignin, which normally occurs toward the later stages of composting
(curing process) (de Bertoldi and Vallini 1983; Golueke 1992; Tiquia et al. 2002a).
Lignolytic and cellulolytic Trichoderma were greater in soil under trees but there were
no apparent qualitative differences among other systems (Rao and Venkateswaralu
1983). Lynch et al. (1981) observed that Cladosporium sp., Alternaria sp. and
Fusarium sp. were more active decomposers than Phoma sp. Bisen et al. (1982)
isolated Fusarium solani from soil and reported that it possessed good cellulolytic
activity. Nigam and Parvu (1985) reported the cellulolytic activity in Pleurotus
ostreatus and Polyporus versicolor. Myriothecium verrucaria is reported to produce
extracellular cellulase to depolymerize cotton fibre cellulose (Halliwell 1961).

Thermophilic fungi that have been isolated from lignocellulose substrate or
hot compost piles are Taloromyces emersonii, T. thermophilus, Thermoascus
auranticus, and Thermomyces lanuginosus. Some white rot fungi like Phanerochaete
chyrsoporium (Sporotrichum pulverulentum), Ganoderma colosum are capable
of growing at 45°C and has an optimum temperature of 35-42°C (Adaskaveg
et al. 1995).

8.3.2 Bacteria

Cellulolytic bacteria are ubiquitous in nature. Under appropriate conditions bacteria
degrade cellulose and hence many bacterial strains are known to solubilize and
modify the lignocellulosic structures extensively. But their ability to mineralize
lignin is limited (Ball et al. 1989; Eriksson et al. 1990; Godden et al. 1992). Among
bacteria that occur commonly in aerobically decomposing substrate are species of
Cytophaga, Bacillus, Cellulomonas, Pseudomonas, Klebsiella, and Azomonas
(Nakasaki et al. 1985; Strom 1985a, b)
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Cytophaga (Marshall 1973; Chang and Thayer 1977) Sporocytophaga
(Christensen 1977) are dominant cellulolytic microorganisms in all types of soil.
Cellulomonas and Cytophaga are the aerobic mesophilic bacteria able to degrade
cellulose. All species of Cellulomonas tested effect degradation of a variety of
celluloses (Choi et al. 1978; Kim and Wimpenny 1981; Nakamura and Kitamura
1983; Thayer et al. 1984; Rajoka and Malik 1986).

More than one-half of the Bacillus spp. examined to date produces extracellular
cellulases. Mesophilic aerobic and anaerobic forms of Bacillus, B. subtilis (Emi and
Yamamoto 1972), B. polymyxa, B. licheniformis, B. pumilus, B. brevis, B. firmus,
B. circulans, B. megaterium and B. cereus are known to be cellulose and hemicellulose
degraders. The lignin degrading eubacteria can be divided into erosion, cavitation
and tunnelling bacteria (Eriksson et al. 1990; Blanchette 1995). Erosion bacteria
grew towards the middle lamella of the wood cells and cause erosion of the fibre
wall, while tunnelling bacteria grow within the cell wall. Bacteria of several genera
such as Pseudomonas, Alcaligenes and Arthrobacter can degrade single ring aromatic
compounds. The role of bacteria may be significant in consuming the small molecular
weight intermediate compounds produced by fungi (Ruttimann et al. 1991).

Kawakami and Shumiya (1983) studied the degradation of lignin and lignin
related compounds by alkalophilic bacteria. Haider et al. (1978) showed that the
Bacillus strain was able to convert '“C (side-chain) lignin of spruce to *CO,. The
rate was comparable to that of fungi upto 35 days. Deschamps et al. (1981) demon-
strated delignification of bark chips by a mixed culture of Bacillus and Cellulomonas,
which were insufficient alone.

Bacteria related to B. schlegelii, Hydrogenobacter spp., and particularly to the
genus Thermus (T. thermophilus, T. aquaticus) are the main active microbes in
hot compost (65-80°C) (Beffa et al. 1996). Similarly, thermophilic cellulolytic
B. stearothermophilus, B. brevis, B. sphaericus, B. subtilis and two other species of
Bacillus were isolated by Strom (1985a, b) from soil waste composter. Bacterial
survival in high-temperature composting material is possible through formation of
microcolonies and endospores. Mesophiles are likely to contribute little to compost
degradation at these temperatures (Nakasaki et al. 1985).

8.3.3 Actinomycetes

Actinomycetes are filamentous spore forming bacteria, thus they resemble fungi.
Majority of them are strict aerobic saprophytes, and are common in many environ-
ments including extreme environments of salinity and temperature. There are
adapted to these extreme environments due to their ability to utilize a wide range of
carbon sources and to sporulate prolifically. But actinomycetes colonize more
slowly than both bacteria and fungi. Colonization is minimal in areas that are poorly
aerated. They appear during the thermophilic phase as well as the cooling and matu-
ration phase of composting, and can occasionally become so numerous that they are
visible as a white film on the surface of the compost.
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Thus, actinomycetes are important agents of lignocellulose degradation during
peak heating as they tolerate higher temperatures and pH than fungi. Though actino-
mycetes can solubilise cellulose and modify the lignin structure extensively, their
ability to mineralize lignin is limited (Eriksson et al. 1990; Godden et al. 1992).
Alexander (1961) and Fergus (1969) remarked that cellulose breakdown by actino-
mycetes is slow. In neutral and alkaline environment, Streptomyces viridosporus is
likely to be dominant over fungi as a decomposer of lignin and cellulose (Pomettoa
and Crawford 1986). Thermoactinomyces cruenta was isolated by Stutzenberger
et al. (1970) from the municipal compost.

The genera of the thermophilic actinomycetes isolated from compost include
Nocardia, Streptomyces, Thermoactinomyces, and Micromonospora (Waksman
etal. 1939; Strom 1985a). From Indian desert soil of Jodhpur, Rao and Venkateswaralu
(1983) isolated Streptomyces, Micromonospora and Thermoactinomyces. These
organisms were found to depolymerize crystalline celluloses by two cellulase
enzyme systems and f-glucosidase. Strom (1985a, b) isolated thermophillic and
highly cellulolytic Streptomyces, Thermoactinomyces sp. from solid waste composter.
Jang and Chan (2003) isolated 18 strains of actinomycetes from the compost of
agricultural wastes (vegetable residues supplemented with corncob, straw and rice
hull) and cultivated them at 50°C for the thermostable cellulase production. Bardar
and Crawford (1981) reported that Streptomyces badius can degrade milled wood
lignin and degradation was enhanced when organic nitrogen and carbon substrate
were added to the medium. Antai (1985) selected three Streptomyces strains which
were lignolytic, out of which one was the most rapid lignocellulose decomposer
depleting 42% of lignin and 50% of carbohydrate of the lignocellulose after
12 weeks incubation.

S. viridosporus, which was grown in lignocellulose supplemented medium,
released coumaric acid and vanillic acid, which are intermediates of lignin degradation.
Zimmermann and Broda (1989) used S. cyaneus, T. mesophila and Actinomadura
sp. MT-809, for the degradation of barley straw lignocellulose. Zimmermann and
Broda (1989) also reported lignin degrading ability of several mesophilic and ther-
motolerant strains of Streptomyces. Pasti et al. (1990) reported the lignocellulose
degrading abilities of 11 novel actinomycete strain isolated from termite gut.

8.3.4 Consortium of Microorganisms for Bioconversion
of Agrowaste

Different microorganisms such as fungi, bacteria and actinomycetes play unique
and important roles during composting. Therefore mixed cultures of microorgan-
isms enhance the rate of lignocellulose degradation. Gaur et al. (1982) reported that
inoculation with mesophilic fungi lowered the C/N ratio of agricultural wastes and
recommended the use of microbial inoculum for accelerating the process of com-
posting. Zayed and Motaal (2005) reported the use of Trichoderma viride 104 and
Aspergillus niger 111 to produce compost from rice straw. The inoculation effect of
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mixed culture of T. reesei, Phanerochaete chrysosponium, Aspergillus nidulans and
Aspergillus awamori were studied on decomposition of wheat straw, paddy straw,
pearl millet, chickpea stover, bagasse mustard stover by Lata et al. (2005) and Gaind
et al. (2006). The mixed inoculum was effective in accelerating the process of
decomposition of paddy straw, wheat straw and pearl millet and mature and stable
product was obtained within 60 days of composting. Pretreatment of mushroom
substrate with mixture of fungi, actinomycete and bacteria can substantially improve
the degradation process (Adhikari et al. 1992). This enhanced degradation could be
due to synergistic activity through utilization of intermediate degradation products
(Kanotra and Mathur 1994). Coinoculation of S. aureofaciens and T. viride were
found to accelerate the decomposition of sugarbeet haulms (EI Din and Abo Sedera
2001). Recently, Beary et al. (2002) observed that inoculation of fungal-bacterial
consortium accelerated decomposition of sugarcane crop residue. In recent times,
effective Microorganisms (EM) technology is also gaining popularity for preparing
compost from variety of substrates including kitchen waste, MSW, industrial efflu-
ents and radio active wastes. A consortium of selected microbes like lactic acid and
photosynthetic bacteria, yeast and filamentous fungi is being used in the form of
Bokashi (fermented biomass). This can be made from any organic matter. The use
of effective microorganism result in compost from biomass like coir-pith, coconut
shell, pine needles, crop wastes, weeds, tree leaves etc. which are otherwise difficult
to degrade and take a much longer period for decomposition. Lot of labor is saved
due to in situ composting of fresh harvest wastes (Aggarwal 2004). Inoculation with
effective microorganisms can enhance the microbial turnover in compost and used
to produce nutrient rich organic compost.

8.4 Composting Process

It is an age old practice meant to utilize solid wastes of animal and plant origin.
Composting is the strategy for improving management of solid wastes by minimiza-
tion of the amount of the solid wastes generated and maximization of waste recycling
as well as resource recovery. The formation of compost from the degradation of
organic matter depends on the abilities of microflora to produce and excrete specific
degradative enzymes (Hankin et al. 1976a).

Several reports are available where inoculation with mesophilic fungi improved
the quality of compost. Gaur et al. (1982) reported that inoculation of four meso-
philic fungi, A. niger, Aspergillus sp., T. viride and Penicillium sp. had increased
total nitrogen, available phosphorus and humus content of composted jowar stalk
and wheat straw (5:3). Inoculation of cellulolytic fungi and actinomycetes increased
the temperature faster and accelerated the process of rice straw composting (Hang
Won et al. 1995).

Several workers have dealt with rice straw composting after supplementation
with rock phosphate, glue waste, basic slag and inorganic nitrogen sources (Jhorar
et al. 1991; Wahyono and Sahwan 1998; Abdel Azeem 2001). The use of cattle
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manure rather than relatively expensive microbial catalyst could be recommended
as decreasing the composting degradation period of rice straw (Bhumibhamon et al.
1988). The inoculation of Azotobacter to 1 month old decomposed rice straw
increased the nitrogen content and composting with rock phosphate increased both
citrate and water soluble phosphorus (Tiwari et al. 1988). The two step process of
composting of rice straw was effective in accelerating humification, cation exchange
capacity of the composted material (Kakezawa et al. 1992). Nandi et al. (1996) pro-
posed a two step process for composting of rice straw, which results in better humus
formation.

The treatment of shredded rice straw supplemented with chemical accelerator,
sheep manure and EM solution (mixture of microbial culture, commercially known
as EM solution) gave the most desirable characteristics of the final product particu-
larly narrow C/N ratio and high WHC (Abdel-Azeem 2001). Two white rot fungi,
Pleurotus ostreatus and Lentinus edodes delignified and increased digestibility of
corn straw (Zea mays) under solid state fermentation (Sermanni et al. 1994). Under
fed-batch process of saccharification of short fibre waste material from the paper
industry by Penicillium sp., T. reesei, combined preparation of 7. reesei and
Aspergillus showed highest saccharification activity (Castellanos et al. 1995).
Cellulyolytic fungi such as T. reesei QM9414, T. viride, P. sajor-caju, Coprinus
cinereus lowered the C/N ratio of paddy straw during composting (Kantora and
Mathur 1995). Although the inoculated microbes generally enhance the degradation
process, it doesn’t alter the community structure of resident microflora. Phospholipid
fatty acid (PLFA) analysis study of compost samples collected from bench-scale
grape pomace and rice straw composting showed that inoculation had little effect
on the microbial community structure of the compost when temperature peaked
(Lei-Fei et al. 1998).

8.4.1 Factors Affecting Composting

Factors affecting the rate of composting and acting as major determinants of com-
post quality can be categorized into physicochemical, environmental and biological
factors. The principal physicochemical components of considerations associated
with optimal composting are temperature, pH, Electrical conductivity (EC), C and
N content, the C: N ratio and C: P ratio, moisture content, amount of humic fractions
and aeration. Similarly, the environmental and biological factors influencing the
course of composting include the composition of agro-waste and type of microorgan-
isms present in the composting environment at different stages of composting.

Temperature: Temperature controls the microbial activity during the composting
process (McKinley et al. 1985). There are three phases in composting: an initial
degradation phase, a thermophilic phase, and a curing or stabilization phase. In the
initial phase of composting, degradation of sugars and proteins by the mesophilic
microbial community results in increased CO, production (Hellmann et al. 1997).
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As temperatures reach 40-45°C, the second or thermophilic stage commences
during which temperatures rise to 70° C. It is during this stage, that weed seeds and
pathogens present in the compost are killed, and the majority of cellulose, hemicel-
lulose and lignins are degraded (Cook and Zentmyer 1986). As temperature declines,
the third or curing and stabilization phase commences, during which mesophiles
re-colonize pile and decomposition continues. As temperature declines, it results in
exhaustion of readily available substrates, biomass decreases compared to initial,
methane production decreases, and N O production increases (Hellmann et al.
1997). Breakdown of recalcitrant components is mediated by a shift in microbial
community function of cellulose, hemicellulose and lignin decomposers (Horwath
and Elliott 1996; Herrmann and Shann 1993).

pH: Optimum pH is near neutral for most microorganisms and slightly alkaline for
actinomycetes in composting. This translates into a range of about 5.5-8.5 but the
pH extremes should be avoided. A pH of 6.5-7.2 is ideal, because in this pH range,
there will be less volatilization of NH,, reduced odor and balanced microbial popu-
lation (Eberhardt and Pipes, 1974). A consortium of three thermophilic fungi namely
Aspergillus nidulans (Th4), Scytalidium thermophilum (ThS) and Humicola sp.
(Th10) was effective in converting a mixture of paddy straw and soybean trash into
nutrient rich compost within 90 days (Kumar et al. 2008).

EC: Electrical conductivity measures the amount of soluble salt in the compost
sample and most desired values range from 3 to 5. The values lower than this indi-
cates the lack of available minerals while the values higher than this will inhibit the
biological activity (Gaind et al. 2005).

C:N ratio: Since agro-waste decomposition is a microbial process C, N, P is needed
for synthesis of microbial cells. Therefore, nutrient content available for microbial
growth is generally measured by the carbon to nitrogen and carbon to phosphorus
ratio within the agricultural residues. The higher ratio (100:1) may cause immobiliza-
tion of N and lower C: N ratio (20:1) would cause N loss through leaching and vola-
tilization (Gaind and Lata 2005). In living organisms the C:N ratio is about 30:1 and
theoretically this should be the ideal ratio in the composting material. But C:N ratio
40:1 is also appropriate. C:P ratio of 100:1 to 150:1 is recommended (Hagerty et al.
1973). The progress and maturity of compost is adjudged by monitoring the C:N ratio
throughout the process. Hirai et al. (1983) opined that C:N should not be taken as the
sole parameter of maturity since its value may vary with the characteristics of sub-
strate and amendments. Actually C: N depends on the relative content of carbon and
nitrogen in the initial matrix and on the presence of organic fraction refractory to bio-
degradation in initial substrate. According to California Compost Quality Council
(CCQC), a compost sample must have a C: N ratio of less or equal to 25:1, to qualify
for further maturity testing (California Compost Quality Council 2001).

Moisture: Adequate moisture is critical for composting. The optimal moisture content
is 50-60%. If moisture content is more, O, diffusion impedes and creates anaerobic
condition and slow decomposition rates. Ideal moisture helps to cool the compost
and helps in microbial multiplication and growth. Microbial decomposition of



136 S. Singh et al.

agro-waste proceed fastest under aerobic condition, oxygen content may be maintained
at a level above 10% by turning the heap. Aeration requirement may be considered
to be within the range of 0.2-0.5 m*min/ton of dry weight (Gaur 1999). Under farm
condition this can be achieved by periodic turning of composting material.

Microbial inocula comprising lignocellulolytic microorganisms and decomposers
of different substrates (proteolytic, lipolytic, amylolytic) are necessary for decom-
position and humification of agricultural residues (Gaur 1987). The presence of
efficient hydrolytic flora at the beginning is a prerequisite for reducing the lag time
and resulting in an efficient process. The use of simple and natural inocula e.g. cattle
dung slurry, organic soil, fresh compost is advantageous and should be encouraged.
Likewise, consortia of mesophilic fungi may also be used as an inoculant for rapid
composting (Gaur et al. 1982; Gaind et al. 2005; Lata and Pandey 2005; Gaind and
Lata 2005).

8.4.2 Practical Process for Rapid Composting

Several bacteria and fungi have been successfully used to decompose plants residue
and evaluated for their biodegradable activity on waste materials (Roane et al. 2001).
Though, most of the organisms are mesophilic fungi belonging to genus Aspergillus,
Trichoderma, Trichurus, Paealomyces, Penicillium, Phanerochatae etc. (Mishra et al
1979, Gaind and Lata 2004 and Gaind et al. 2005) but a few thermophilic fungi as
Aspergillus fumigatus and Humicola lanuginosa also proved beneficial as inocu-
lants. Aspergillus awamori and A. niger had shown twin advantage of being a
cellulose decomposer and phosphate solubiliser and is frequently used as inoculant
for bio-augmented composting. Paecilomyces fusisporus was found to be an efficient
degrader of ligno-cellulosic wastes on the basis of cellulase activity and humus
formation (Kapoor et al. 1978).

Lignin and cellulose is the most common constituent of agro-industrial waste
and highly resistant to microbial attack. Therefore, lignolytic fungi as Pleurotus
sajor caju, Polyporus versicolor and Phanerochaete chrysosporium are commonly
preferred as inoculants for biological delignification of agrowastes.

8.5 Application of Lignocellulolytic Microorganisms
for Value Addition to Agrowastes

8.5.1 Solid State Fermentation for Commercial
Enzyme Production

The term solid-state fermentation (SSF) denotes cultivation of microorganisms on
solid, moist substrates in absence of a free aqueous phase; that is, at average water
activities (defined as the relative humidity of the gaseous phase in equilibrium with
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Table 8.2 Industrial applications of enzymes produced by SSF processes

Process Enzyme

Enzyme-assisted ensiling Fungal cellulases and hemicellulases

Bioprocessing of crops and crop residues  Fungal cellulases and hemicellulases

Fibre processing (retting) Fungal pectinases, cellulases and hemicellulases

Feed supplement Amylases, proteases, lipases, cellulases, hemicellulases
Biopulping Xylanases

Directed composting Hydrolytic enzymes

Soil bioremediation Laccases, ligninases

Post harvest residue decomposition Trichoderma harzianum cellulases

Biopesticide T. harzianum cellulose for helper function

the moist solid) significantly below 1 (Pandey 2003). The agrowastes can be used as
substrates for the commercial production of various hydrolytic enzymes by using
lignocelluloses degrading microorganisms. Currently, industrial demand for various
enzymes is being met by production methods using submerged fermentation (SmF)
processes. The cost of production in SmF systems is however high and it is uneco-
nomical to use them in many of the aforesaid processes (Tengerdy 1996). This
therefore necessitate reduction in production cost by deploying alternative methods,
for example the SSF systems which can utilize cheap agroresidues as substrates. An
efficient production method, employing a cheap, easily available substrate and a
good cellulolytic organism, will reduce the cost of enzyme preparation and improve
the economy of the overall cellulose bioconversion.

SSF processes simulate the living conditions of many higher filamentous fungi.
Ascomycetes, basidiomycetes and deuteromycetes can be seen developing in
terrestrial habitats on wet substrates. Higher fungi and their enzymes, spores or
metabolites are well adjusted to growth on solid wet substrates. Table 8.2 lists some
of the possible applications of the enzymes produced in SSF systems. This system
offers numerous advantages over submerged fermentation (SmF) system, including
high volumetric productivity, relatively higher concentration of the products, less
effluent generation, requirement for simple fermentation equipments, etc. (Hesseltine
1977; Pandey 1992; Chahal and Moo-Young 1981; Nigam and Singh 1994; Aidoo
et al. 1982; Pandey 1991; Doelle et al. 1992).

Ideally, almost all the known microbial enzymes can be produced under SSF
systems. Although most of the enzymes are produced by fungi, yeast as well as
bacteria, filamentous fungi are preferred for commercial production using SSF as
the levels of the enzyme produced by fungal cultures are higher than those obtained
from yeast or bacteria.

8.5.2 Mushroom Cultivation and Spent Mushroom Substrate

Edible mushrooms have been cultivated since 600 A.D. when Auricularia auricular
was first cultivated in China on wood logs but the biggest advance in mushroom
cultivation came in France about 1600 A.D. when Agaricus bisporus was cultivated
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upon a composted substrate. However, It is only over the past two to three decades
that there has been major development in basic research and practical knowledge for
the creation of a significant worldwide industry (Chang and Miles 1989). About 39
mushroom species (Chang 1999) have been cultivated all over the world commer-
cially, and of these, around 20 are cultivated on an industrial scale. The most culti-
vated mushroom worldwide is Agaricus bisporus (button mushroom) followed by
Lentinus edodes (shiitake), Pleurotus spp (oyster mushrooms), Auricula auricula
(wood ear mushroom), Flamulina velutipes (winter mushroom), and Volvariella
volvacea (straw mushroom). Techniques for the culture of some other less popular
mushrooms were developed in China between 600 AD and 1800. Mushroom
enzymes can break down lignin, cellulose and hemicellulose present in these organic
materials into simpler molecules, which the mushrooms use for their growth and
metabolism.

The ability of the different mushroom species to utilize various agroresidues
depends on both mushroom-and substrate-associated factors. For example, exami-
nation of the lignocellulolytic enzymes profiles of the three important commercially
cultivated mushrooms exhibit varying abilities to utilise different lignocellulosics as
growth substrate. Lentinula edodes is cultivated on highly lignified substrates such
as wood or sawdust, produces two extracellular enzymes (manganese peroxidase
and laccase) which have been associated with lignin depolymerisation. Conversely,
Volvariella volvacea prefers high cellulose- low lignin-containing substrates such as
paddy straw and cotton wastes which have relatively low lignin content, and pro-
duces a family of cellulolytic enzymes including at least five endoglucanases, five
cellobihydrolases and two B-glucosidases, but none of the recognised lignin-degrading
enzymes. Pleurotus sajor-caju is the most adaptable of the three species and can be
grown on a wide variety of agricultural waste materials of differing composition
in terms of polysaccharide/lignin ration, because it is able to excrete both kinds of
cellulose- and lignin-degrading enzymes.

The lignocellulosic substrate used for mushroom production and which is left
after harvesting of the mushrooms can be used as animal feed, soil conditioner,
for mushroom recultivation, and for bioremediation, among other applications.
Spent mushroom substrate besides being rich in nitrogenous material contains
partly degraded lignocellulosic components, which when combined with animal
dung or human excreta in a biogas digest would yield not only biogas but also a
good quality organic nitrogenous fertilizer in the form of sludge. The sludge from
the biogas plant as a nitrogenous fertilizer is far more beneficial than the compost
from which it has been derived. Part of the biogas that is produced in the vicinity
of the mushroom house can also be conveniently used for pasteurization of the
mushroom bed material and maintenance of the optimal temperature in the mush-
room house as well.

Some studies have been done on the use of spent mushroom substrate in vegeta-
ble and flower greenhouses (Lohr et al. 1984; Verdonck 1984; Steffen et al. 1994,
1995; Szmidt 1994; Sochting and Grabbe 1995; Celikel and Tuncay 1999), in field
vegetable and fruit crops (Male 1981; Delver and Wertheim 1988; Pill et al. 1993;
Stewart et al. 1998; AntSaoir et al. 2000; Batista et al. 2000), in nursery and landscape
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gardening (Chong and Wickware 1989; Chong and Rinker 1994; Chong 1999), and
in soil amendment (Wuest and Fahy 1991; Stewart et al. 2000). Polat et al. (2009)
conducted a study to determine the effects of spent mushroom compost (SMC) on
cucumber (Cucumis sativus L.) growth as an organic matter source for greenhouse
soil and found that application of SMC (40 tons/ha) improves the cucumber growth
and productivity significantly. Currently, there are some industries that manufacture
and sell different kinds of compost based on spent mushroom substrate (http://
www.nutrasoils.com, http://www.southmill.com, http://www.americanmushroom.
org, http://www.laurelvalleysoils.com).

The potential of spent mushroom substrate to degrade organopollutants and its
importance in the environmental bioremediation have also been reported (Kuo and
Regan 1998; Eggen 1999; Semple et al. 2001; Webb et al. 2001; Lau et al. 2003;
Law et al. 2003; Xawek et al. 2003).

Spent mushroom substrate has also been used as animal feed, since its degrada-
tion by the mushroom can improve its nutritional quality (Jalc et al. 1996a, 1996b;
Adamovic et al. 1998; Diaz-Godinez and Sdnchez 2002) and digestibility (Zadrazil
1977, 1996). Diaz-Godinez and Sanchez (2002) found that when maize straw spent
compost generated after mushroom cultivation was added to the diets of sheep, it
increased the weight gain of the sheep. Fresh spent mushroom substrate has high Na
and K concentration which when applied to field crops sensitive to high salt content
may cause phytotoxicity so the application of fresh SMS should be avoided in
sensitive crops.

8.5.3 Nutrient Enriched Compost

Rapid process for preparation of a nutrient enriched compost can be achieved by
using efficient lignocellulolytic fungi (e.g., Trichoderma sp., Aspergillus awamori,
Polyporous versicolor, Penicillium funiculosum, Phanerochaete chrysosporium
etc.), as compost accelerators (Gaur et al. 1982; Gaind et al. 2005; Lata and Pandey
2005). Bioinoculants such as P-solubilizers and free-living N, fixers can be employed
to prepare phospho-compost using rock phosphate (12.5%) and pyrite (10%) along
with plant residues. Zinc enriched compost can be prepared by incorporation of
ZnS0O, (0.1%) in crop residues before composting along with rock phosphate
(1%). Likewise, fertilizer enriched compost can also be prepared by addition of
urea (1%), pyrite (10%) and rock phosphate (12.5%). Addition of pyrite increases
solubilization of rock phosphate by A. awamori and decreases loss of added N.
In this manner, balanced manure with 2% N and 6% total P205 can be produced
within 12 weeks of decomposition.

NADEP phospho-compost method is a process to prepare phosphorous enriched
compost using farm waste, rock phosphate and phosphate solubilizing bacteria.
Insoluble phosphorous present in rock phosphate is transformed into soluble form
through action of P-solubilizing microorganisms during process of composting.
Compost is prepared using farm wastes, cow dung and soil (8:1:0.5). Rock phosphate
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is added to this mixture @ 12.5% w/w. This mixture is filled either in pit, or NADEP
tank. Mixture is plastered with a mixture of dung and soil after adding sufficient
water to moisten the decomposing mixture. The material is turned after 15 days and
thereafter at an interval of 30 days. At each turning, water is added to maintain
sufficient moisture. Compost becomes ready within 3—4 months and contains N 1%,
P,0, 2-4% and K,0 1-2%. On equal quantitative P O, basis, this compost @ 5 t/ha
can substitute the use of phosphatic fertilizer in cereal crops.

Besides the use of cellulolytic microorganisms, inclusion of surface dwelling
earthworm FEisenia foetida for bioconversion of waste is an efficient method of ver-
micomposting. Earthworms improve nutrient availability, increase the density of
useful microorganisms and also produce plant growth regulators (Tomati et al.,
1988, Pandey and Chaturvedi 1993; Doube et al. 1994).

8.6 Use of Compost for Sustainable Agriculture
and Improving Soil Health

8.6.1 Effect on Soil Health

Proper use of composted organic residues on agricultural soils is known to improve
nitrogen, phosphorus and sulfur essential for plant nutrition. Their role in improving
soil organic matter content is well established (Gaind and Lata 2007; Magdoft and
Van Es 2009; Marinari et al. 2000). Application of organic amendments not only
influences soil health in terms of physical, chemical and biological parameters
(Beffa et al. 1995; Yang et al. 2003), but also increases the size, biodiversity and
activity of microbial populations (Perucci 1990; Bandick and Dick 1999; Peascock
et al. 2001). Therefore, changes in the activity of microbial communities as a result
of soil management practices can also be used as an indicator of soil health and its
quality. All these parameters exert cumulative effect on soil health and these are
discussed below.

8.6.1.1 Rhizosphere Microbial Population

Composts are increasingly used as environmentally safe bio-fertilizers in sustainable
agriculture all over the world. They also contribute to soil vitality and sustainability
and in the enhancement of microbial community or population level (Gomez et. al.
2006). Ammonia oxidation by autotrophic bacteria is a key process in agricultural
and natural ecosystem as it plays an important role in the global nitrogen cycle.
The presence of Nitrosomonas spp. has been reported in soil treated with compost
(Innerebner et al. 2006). An increased bacterial population in the rhizosphere soil of
cowpea has been reported by Zayed and Motaal (2005). The composts produced
by inoculation of paddy straw with FYM when applied to soil resulted in proliferation
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of total soil bacteria. The highest phosphate dissolving fungi were reported in rhizo-
sphere soil of cowpea fertilized with composts inoculated with A. niger and
Trichoderma viride (Zayed and Abdel-Motaal 2005). Similar results have also been
reported by Badr El-Din et al. (2000), who found that application of compost inocu-
lated with phosphate solubilizing fungi enriched the rhizosphere with fungi more than
the other manure treatments. The highest phosphate dissolving bacterial popula-
tion was found in rhizosphere soil of cowpea plants fertilized with composts inocu-
lated with FYM. This showed that FYM was a good source of phosphate dissolving
bacteria (Zayed and Abdel-Motaal 2005). Long term application of compost to soil
does have effect on soil biota (Rose et al. 2006; Niemi et al. 2002).

The addition of organic material to soil may encourage microbial activity to an
extended period that is closely related to the amount and nature of organic matter
added Total bacterial population increased in the rhizosphere of tomato plants grow-
ing in soil treated with organic manure (FYM/compost), compared to control (Badr
El-Din et al. 2000). Soil treated with compost produced by 7. viride NRC enriched
the rhizosphere of tomato plants with total fungi as compared to mineral fertilization
(Badr EL-Din, 2000).

8.6.1.2 Microbial Activity

Another measure of soil health is the activity of soil enzymes involved in the trans-
formation of the principal nutrients and biodegradation of organic materials
(Crecchio et al. 2001). Dehydrogenase activity which is considered as a marker of
soil microbial activity has been reported to increase significantly with the addition
of composted residue (Garcia et al. 1993; Tiquia et al. 2002a, b & 2005) This shows
that application of composted residue induce the synthesis of enzyme without
affecting the overall microbial activity (Nannipieri et al. 1990). The addition of
compost improved the physical properties of soil including its porosity.
Dehydrogenase activity is positively influenced by the high porosity of soil. Marinari
et. al. (Marinari et al. 2000) reported high dehydrogenase activity in soil treated
with manure and vermicompost. By using compost in moderate quantity on the
same soil for 8 years the soil structure was moderately improved especially when
the compost was applied on soil surface and after sowing of crop. The surface was
thereby protected against the compressing effect of raindrops and a rapid drying
afterwards similarly, water in-filtered into soil much faster in compost protected soil
(Jakobsen 1995).

Application of 20 g compost per pot for growing Faba bean increased the soil
respiration from 3.8 to 6.3 pmol.m? indicating increased microbial activity from
compost addition (Abdelhamid et al. 2004). This may be due to decreased particle
density, improved organic matter content and total organic carbon and nitrogen.
Garcia et al. (2000) reported 200% increase in dehydrogenase activity of soil treated
with compost @ 80 t/ha indicating an increase in the microbial metabolism in the
soil. This may be due to mineralization of biodegradable carbon fractions contained
in the amendments.
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Similar reports of increasing dehydrogenase and microbial population have been
made by Chang et al. (2007) and Pascual et al. (1998). They studied the effect of differ-
ent doses of compost on vegetable crops for 3 consecutive years. A significant improve-
ment in microbial activity was reported in compost treated soil compared to chemical
fertilizer treated soil. However, the compost application rate higher than 540 kg N/ha/
year did not result in any significantly increase in soil enzyme activities.

A significant and positive correlation of dehydrogenase activity with organic carbon
and total nitrogen suggested that addition of organic manure to soil increased
carbon turn over. Nitrogen availability and microbial activity which in turn led to
greater enzyme synthesis and accumulation in soil matrix was reported by Dinesh
et al. (1998). Enzyme activities such as arylsulphatase, dehydrogenase, and
L-asparaginase have also been observed to increase with the addition of MSW com-
post, with application rates up to 90 Mg ha_1, while the activities of phosphodi-
esterase and phosphomonoesterase increased linearly with increasing application
rates (Giusquiani et al. 1994). The enzyme activities of B-glucosidase and nitrate
reductase have also been reported to increase with the addition of MSW compost
when compared to a control (Crecchio et al. 2001).

8.6.1.3 Microbial Biomass

The application of organic amendment in the form of composted residue may help
to increase soil organic matter and improve soil quality. Addition of organic matter
improves soil structure by decreasing bulk density and increase microbial activities
of soil (Giusquiani et al. 1995; Perucci 1992). Therefore, maturity of compost may
significantly affect the carbon turnover in amended soil (Albiach et al. 2000). The
other factors affecting carbon turn over are soil texture and pH. Microbial biomass
was higher with application of compost and FYM @ 40 t/ha. An increase in micro-
bial biomass is reported in the beginning of crop growth compared to maturity stage
(Bouzaine et al. 2007). Compost application @ 20 and 80 t/ha increased microbial
biomass by 10 and 46% respectively in soil under barely crop (Garcia-Gil et al.
2000). This is attributed to the microbial stimulation by added organic compost.
However, the microbial biomass carbon (C__ ) is usually higher at the end of grow-
ing season (summer/autumn) than at the beginning. This could be due to elevated
temperature and/or higher amount of rhizo-deposition and drying plant roots at the
end of growing period. This also indicates that C . depends up temperature and
available organic substrates (Powlson 1994). Application of compost prepared by
using banana residue and effective microorganism technology also has shown
encouraging results in improving the C__ of soil under banana crop (Formowitz
et al. 2008). Goyal et al. (2009) studied the effect of application of rice straw com-
post @5 t/ha along with half of the recommended dose of inorganic fertilizer on
yield of rice and found that compost application increased the microbial biomass C
from 136 to 258 mg/kg soil, dehydrogenase activity from 66 to 118 mg TPF/kg
s0il/24 h and alkaline phosphatase from 370 to 680 mg PN/kg soil/h. It also resulted
in buildup of soil organic C and N from 0.471 and 0.039% to 0.545 and 0.064%
respectively.
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8.6.2 Enhancement of Crop Yields by Compost Application

Incorporation of compost in soil will not only protect the environment, but also take
advantage of the nutrients and organic matter contained in the compost to enhance
soil fertility and crop production. This is mainly attributed by improvement in soil
physical, chemical and biological activities of soil due to compost application
(Wander et al. 1994; Roberson et al. 1995). Large number of studies has been con-
ducted to establish the beneficial effects of composts prepared from different
agroresidues on the yields of different field and horticultural crops.

Onion (Allium cepa L.) yield on a sandy loam soil increased with increasing rate
of organic matter application, when the organic matter was biosolids/straw com-
post, or digested or raw biosolids (Smith et al. 1992). Similarly, low rates of a
vegetable waste and manure compost (3 Mg-ha—1) with fertilizer N at 75 kg-ha—1
significantly improved broccoli crop response and N use efficiency when compared
to a fertilizer-only treatment of 150 kg-ha—1 N plus 50 kg-ha—1 P (Buchanan and
Gliessman 1991). Increasing applications of compost alone (3, 7.5, and 30 Mg-ha-1)
tended to increase broccoli yield and N accumulation, but decreased N use
efficiency.

Maynard (1994) reported that yields of broccoli and cauliflower (Brassica oleracea L.
Botrytis group) from unfertilized plots amended with a mixed compost (poultry
manure, horse manure, spent mushroom compost, and sawdust) at 56 or 112 Mg ha™
were similar to or greater than yields from plots fertilized with 150 N- 66P-125 K
(kg ha™). They also reported that tomato and bell pepper fruit yields from plots
amended with compost produced from poultry manure with other agricultural
wastes were similar to or greater than yields from fertilized plots, except in one crop
of tomatoes where they were lower.

Hue et al. (1994) conducted a pot study using a highly weathered Ultisol, for
which it had been determined that P availability was the main plant nutritional limi-
tation. Rates of yard trimming compost at 75% (by volume) or higher mixed with
the soil increased corn growth, but lower rates did not have an effect as compared to
corn grown in unamended pots.

Lawson et al. (1995) reported that soybeans (Glycine max L.) grown in acid or
saline soil amended with 4% wood waste compost had improved nodulation and
shoot growth when compared with those in unamended soil. In a study conducted
by Kostov et al. (1996), application of compost (derived from vine branch, rice
husks, and flax) significantly increased the yield of tomatoes and the quality of
fruits compared to the soil treated with mineral fertilizers and manure. Shiralipour
et al. (1996) observed that application of compost increased the height and dry
weight of broccoli shoots and dry weight of lettuce shoots in several different soil
textures tested by them.

A greenhouse pot study was conducted by Ribeiro et al. (2000) to evaluate the
use of a municipal solid waste compost (MSWC) as a fertilizer for potted geranium.
MSWC was mixed with a peat-based growing media at rates of 0%, 10%, 20%,
30%, 40%, and 50% by volume. Plants grew in those forms for 90 days, with no
additional fertilization. Shoot dry weight, number of leaves per plant, number of
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flower stems per plant, and number of flowers per flower stem were significantly
affected by the percentage of MSWC, with greatest growth occurring at 10% and
20% MSWC. Experiments were conducted by Smith et al. (2001) to monitor the
effects of compost application and organic fertilizer addition on the growth of two
vegetable crops — Swiss chard (Beta vulgaris L. var. flavescens) and common bean
(P. vulgaris L. var. nanus). In case of both plants, the soil-compost mixtures out-
performed the soil alone irrespective of the amount of fertilizer added. Swiss chard
produced the highest total leaf fresh mass on composts made from market and gar-
den refuse. The yield was further significantly improved when the composts had
been turned or when the proportion of compost was increased from 25% to 50%, but
the addition of fertilizer had no significant effect on the total yield. The influence of
maize-stover compost and nitrogen fertilizer on growth, shoot yield, and nutrient
uptake of Amaranth (Amaranthus cruentus L) was studied by Akanbi and Togun
(2002) over a period of 2 years. The plant growth parameters increased significantly
with increasing levels of applied compost from 0 to 4.5 t/ha soil. Goyal et al., (2009)
studied the application of rice straw compost @ 5 t/ha along with half of the recom-
mended dose of inorganic fertilizer on yield of rice and found that the average of
3 years grain and straw yield of rice (Basmati and CSR-30) was comparable to the
recommended dose of inorganic fertilizers.

Salem et al. (2010) reported that the marketable tuber yield, plant height and
specific gravity were greater in compost amended soil than in non-amended soil
even if inorganic fertilizers were added but application of 120 ton compost per hect-
are gave the highest total tubers number, marketable tuber yield, height and specific
gravity. Similarly, Ravishankar et al. (2010) observed that the soils under different
organic modules had significantly higher microbial population (bacteria, fungi and
actinomycetes) and activities of urease, phosphatase, dehydrogenase and cellulases
as compared to that under recommended dose of fertilizers (T,) and a significant
positive association between organic matter status, microbial populations and
enzyme activities in soil was recorded. They concluded that application of FYM
20 kg/plant (T,) was the best organic module with regard to higher microbial
populations and enzyme activities in soil.

8.6.3 Restoration of Soil Organic Matter and Carbon Pool

During composting Carbon dioxide is emitted first in relatively large quantities dur-
ing active phase of process, and then at a slower rate in the maturation phase. After
application of mature compost to soil, inter-converting pools of carbon takes place
and turnover rate is determined by local factors such as soil types, temperature and
moisture of soil. Although a great deal of valuable information now exist on the
turnover of soil organic carbon, the contribution of compost application to soil
organic carbon pools remain somewhat problematic.

Smith et al. (1997) reported retention of 6-9% carbon from compost for over
100 years. Moreover, organic fertilization did not result in the permanent and
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irreversible locking up of all the carbon in compost. But the application of organic
matter/compost on a regular basis improved the level of soil organic carbon (SOC)
in long term (Favoino and Hogg 2008). In a study carried out in Himalayan region
of India by Verma and Sharma (2007), integrated use of NPK fertilizers along with
organic amendments improved the sustainability of different cropping systems in
the terms of total and labile carbon and soil aggregation. Several studies by Lal
(2004a, b) on soil carbon sequestration and climatic change advocates use of
compost/manure and other system of sustainable management to restore the SOC
pools in marginal lands.

In china, Wu et al. (2004, 2005) studied the influence of fertilization and organic
amendments on organic carbon fraction for 20 years. When manure was applied
alone and in combination with N and P fertilizers, the light fraction of organic car-
bon (LFOC), and salty solution soluble organic carbon (SSOC) and microbial bio-
mass carbon was increased significantly. A long term investigation was also carried
out by Rudrappa et al. (2006) to study the influence of manure addition on different
carbon fraction under intensive cropping sequence of maize-wheat crops in semi
and sub tropical region of India. Integrated use of FYM with 100% NPK emerged
as the most efficient management system in accumulating largest amount of organic
carbon (72.1 Mg C ha™') in soil. Nevertheless, this treatment also sequestered
highest amount of organic carbon (731 kg C ha™! per year). Particulate organic
carbon, a physically protected carbon pool in soil, could well be protected in
subsurface soil layers as a means of carbon aggregations. Similarly, Majumdar
et al. (2008) carried out an experiment for 11 years in rice wheat agro system to
understand the influence of organic amendment in carbon pools. Results sug-
gested that labile carbon fraction is a useful indicator for assuring soil health and
balanced fertilization with FYM as suitable management practices for sustaining
crop productivity of the rice-wheat system.

A long term field study in rice under flooded condition by Nayak et al. (2007)
resulted in the stimulation of microbial biomass and soil enzymes. A 39% mean
seasonal increase was observed in microbial biomass under treatment with compost
application. Soil organic carbon content showed highly significant positive correla-
tions with soil enzymes (dehydrogenase, urease, cellulase, FDA hydrolysis and
B glycosidase).

The effects of organic manure and chemical fertilizers on total microbial bio-
mass (C,), water soluble organic carbon (C), microbial biomass carbon (C,,),
labile carbon (C,)) was studied under wheat maize cropping system in long term
experiments in North China plains by Gong et al. (2009). Application of organic
manure was found to be more effective for increasing C,, CNS, C,; and C, as com-
pared with application of chemical fertilizer alone. However, NPK treatment was
important for increasing crop yield. It indicates that sustainability of the system can
be maintained by integrated use of organic amendments and chemical fertilizers.

Organic manure addition in form of manure/compost/straw either alone or in
combination with chemical fertilizers, appears to be more effective in maintaining
or restoring organic matter and soil organic carbon pool in soil than chemical fertilizer
alone (Jagadamma et al. 2009).
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8.7 Conclusion

Agro wastes are the renewable resource which may be used economically for
multiple purposes; Recycling of agro wastes in agriculture is one of the important
options to improve soil health and fertility. Composting through efficient lignocel-
lulolytic microorganisms offers an opportunity to recover and reuse the portions of
organically bound nutrients present in the agro wastes. Composting is a dynamic
process involving rapid succession of mixed microbial population which brings out
mineralization of biomass components using different enzymes besides killing
harmful pathogens and weed seeds. Novel approaches to improve the process of
composting include amendment with nitrogen rich animal litter; organic/inorganic
compounds and consortia of effective microorganisms have improved the composting
process. Recent wave of organic farming has revolutionized the use of compost in
diverse spheres of agriculture and made it an essential component in crop-production,
crop-protection and natural resource management.
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Chapter 9

Genetic and Antigenic Diversity of Ruminant
Pestiviruses: Implications for Diagnosis

and Control

Niranjan Mishra

Abstract Pestiviruses are pathogens of major economic importance for the livestock
industry worldwide and have significant influence in cattle, pig and sheep production.
The genus Pestivirus in the family Flaviviridae contains four approved species,
Bovine viral diarrhoea virus type 1 (BVDV-1), BVDV-2, Border disease virus
(BDV) and Classical swine fever virus (CSFV) and one tentative species, giraffe
pestivirus. The phylogenetic analysis of nucleotide sequences obtained from
various region of genome has led to identification of 16 subtypes within BVDV-1,
2—-4 subtypes within BVDV-2 and at least 7 subtypes within BDV species. Moreover,
several new pestiviruses or new subtypes of pestiviruses have been identified
recently both in domestic and wild ruminants thereby enhancing the genetic and
antigenic diversity repertoire. This chapter will focus mainly on research involving
genetic and antigenic diversity of ruminant pestiviruses since the wide genetic and
antigenic differences between ruminant pestivirus isolates pose considerable chal-
lenges in diagnosis and control. Considering the large number of publications in
recent years, it is possible to cite only selected reports. In the first part of the chapter
I will provide an overview of pestivirus epidemiology, transmission, genome struc-
ture and current methods of diagnosis and control. In the following part of the
chapter, critical analysis of genetic and antigenic diversity of existing and new rumi-
nant pestiviruses will be carried out. Finally, I will discuss future perspectives in
relation to ruminant pestivirus diversity vis-a-vis its implications for diagnosis and
control.
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9.1 Introduction

Pestiviruses are animal pathogens of major economic importance for the livestock
industry and have significant influence in cattle, pig and sheep production world-
wide. The genus Pestivirus belongs to the family Flaviviridae and includes four
recognized species: Bovine viral diarrhoea virus type 1 (BVDV-1), BVDV-2, Border
disease virus (BDV) and Classical swine fever virus (CSFV) and a tentative species,
Giraffe pestivirus (Thiel et al. 2005). However, several new pestiviruses and their
subtypes have been reported since the seventh report of the International Committee on
Taxonomy of Viruses, 2005 awaiting their formal classification. These include, atypi-
cal pestiviruses; HoBi (Schirrmeier et al. 2004), Brz/buf/9 (Stalder et al. 2005) and
Th/04_KhonKaen (Stahl et al. 2007), Tunisian sheep (Thabti et al. 2005), caprine
pestivirus (De Miaetal. 2005), pronghorn antelope (Vilcek etal. 2005), Bungowannah
(Kirkland et al. 2007) and new subtypes within BDV, BDV-4, BDV-5, BDV-6,
Turkey and BDV-7 (Arnal et al. 2004; Dubois et al. 2008; Ogozoglu et al. 2009;
Giammarioli et al. 2010). Pestiviruses are not very strictly host specific and able to
infect a wide range of ruminants, both domesticated and wild. The domesticated
ruminants include cattle, buffalo, sheep, goats and yaks (Becher et al. 2003; Mishra
et al. 2007a, 2008a) while free ranging ruminants include buffalo, eland, Canadian
bison, alpaca, pudu, bongo, deer, roe deer, mousedeer, reindeer, giraffe, European
bison, chamois and ponghorn antelope (reviewed in Vilcek and Nettleton 2006).
Although under natural conditions BVDV infects mainly cattle, sheep and goats it
also infects pigs, yaks and free-ranging ruminants. BDV infection is common in
sheep but has also been found in goats, cattle, pigs and wild ruminants (Becher et al.
1997; De Mia et al. 2005). Except CSFV and newly recognized Bungowannah virus
that infect pigs, other pestiviruses infect mostly ruminants. There is no conclusive
evidence that pestiviruses spread from free-ranging animals to domestic ruminants
while sufficient evidence exists regarding the spread in the opposite direction.
Bovine viral diarrhoea virus causes mainly alimentary, respiratory and reproductive
problems like pneumonia, diarrhoea, mucosal disease or abortion in cattle and
small ruminants besides haemorrhagic syndrome and thrombocytopenia (Baker
1987). BDV infects sheep and goats causing mainly reproductive disease (Nettleton
et al. 1998). Moreover, pestiviruses such as BVDV and BDV interact with their
hosts differently as displayed by transient infection with immune response and per-
sistent infection with immunotolerance (Baker 1987). Thus, pestiviruses are hetero-
geneous in genetic and antigenic properties, host spectrum, virulence and clinical
signs providing a challenge in diagnosis and control. The aim of this chapter is not
only summarise the available evidence in this field but also critically analyze the
data to address problems with regard to pestivirus diagnosis and control.



9 Genetic and Antigenic Diversity of Ruminant Pestiviruses... 155

9.2 Epidemiology, Diagnosis and Control of Ruminant
Pestivirus Infections

9.2.1 Structure of Pestivirus Genome

The family Flaviviridae consists of three genera: Flavivirus, Pestivirus and
Hepacivirus. Within Flaviviridae, pestiviruses show more similarity in the genome
structure and mechanisms of translation initiation to the hepatitis C virus (HCV).
The pestivirus genome consists of a positive-sense single-stranded RNA of about
12.3 kb in length that lacks a 5'cap and 3’ poly-A tract (Brock et al. 1992). The viral
genome acts as a messenger RNA for protein translation, as a template during rep-
lication of RNA and as genetic material within virus particles. A long ORF flanked
by untranslated regions at both ends (5" and 3" UTR) is translated into a poly-protein
of about 4000 amino acids and is cleaved into four structural [capsid (C) and three
envelope (E™, E1 and E2) proteins] and 7-8 nonstructural proteins (NP, P7, NS2-3
or NS2 and NS3, NS4A, NS4B, NS5A and NS5B) by viral and host cell proteases
(Meyers and Thiel 1996). Cap-independent translation initiation of pestivirus
genome is mediated by an internal ribosome entry site (IRES) located towards the
end of 5" UTR and initial part of NP (Poole et al. 1995). Since the 5" UTR is the
most highly conserved region in the pestivirus genome, nucleotide sequence analysis
of this region has been widely used for pestivirus diagnosis and genetic typing.
In addition, entire NP™ and E2 genes of the pestivirus genome are used for more
defined phylogenetic analysis due to high level of nucleotide sequence variation
(Ridpath et al. 1994; Wolfmeyer et al. 1997; Nagai et al. 2004; Vilcek et al. 2001;
Hurtado et al. 2003; Becher et al. 1997, 2003; Mishra et al. 2007a, 2008b; Jackova
et al. 2008).

The first protein in the ORF NP©, a non-structural autoprotease is unique to
pestiviruses only and is responsible for cleavage at the NP/C site (Stark et al. 1993).
With the exception of the nucleocapsid protein (C), all the other structural proteins
E™, E1 and E2 are glycoproteins and are part of the BVDV envelope. E2 is responsible
for virus attachment, entry and generation of neutralizing antibodies (Donis and
Dubovi 1987; Krey et al. 2005), while E™ has the ability to bind to glycosaminogly-
cans and E1 is assumed to be a membrane anchor for E2 (Rumenapf et al. 1993). E™
and E2 form disulfide-linked heterodimers, whereas E1 is found as heterodimers in
association with E2 (Rumenapf et al. 1993). The humoral immune response allows
detection of antibodies against the structural envelope proteins E2 and E™ as well
as against the highly conserved non-structural protein NS3 (p80).

Two biotypes of pestiviruses, cytopathic (cp) and noncytopathic (ncp) are recog-
nized based on their effect in cultured epithelial cells (Gillespie et al. 1960). Biotypes
do not correlate to the virulence of the virus in field, as BVDV strains associated
with severe acute outbreaks are all ncp biotypes (Carman et al. 1998). The ncp bio-
types are preponderant in nature and responsible for majority of disease syndromes
including establishment of persistent infection. The cp viruses are relatively rare
and cytopathogenicity is correlated with the appearance of non-structural protein
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NS3 (p80) (Meyers and Thiel 1996). However, this hypothesis needs reconsideration
in light of the recent studies providing evidence that NS2-3 gets cleaved into NS3
also in leukocytes of animals infected with ncp isolates (Kameyama et al. 2008;
Mishra et al. 2010). The generation of a cp strain in an animal already persistently
infected with ncp BVDV is considered as the crucial step for pathogenesis of
mucosal disease.

9.2.2 Epidemiology

Among ruminant pestiviruses BVDV/BDV infections occur worldwide, while atypical
pestivirus and other pestivirus infections occur sporadically. BVD is one of the eco-
nomically important diseases of cattle and occurs worldwide. It has thus been listed
recently under OIE list of priority cattle diseases for international trade. According
to the latest data (WAHID Interface and OIE Animal Health Information 2010)
outbreaks of BVD have been reported in the countries of Austria, Chile, Chinese
Taipei, Colombia, Cuba, Cyprus, Denmark, Germany, Guatemala, Honduras,
Hungary, Iran, Israel, Italy, Japan, Nicaragua, Russia, Spain and Switzerland in
2008. The number of BVD outbreaks recorded was 7,053 in Switzerland, 358 in
Spain, 38 in Russia and 19 outbreaks in Iran. The combined economic impact of
BVDV has been estimated at a 20-57 million dollar loss per million calving in the
US. Based on the 2005 USA calf crop of 38 million, the cost of BVDV to USA
producers was 760 million to 2.2 billion dollars in that year.

The manifestations of BVD infections are complex due to diversity in virulence
of strains and host species (Baker 1987). Acute infection in seronegative immune-
competent cattle is common which ranges from subclinical to severe disease with
mortality. Semen from bulls persistently infected with BVDV is infective to cows
and causes repeat breeding, abortion and teratogenic defects in foetus. It can also
cause immunosupression leading to increased susceptibility to co-infecting patho-
gens and vaccine failures against prevalent diseases. Persistently infected animals
are the main source of transmission. Mucosal disease occurs when persistently
infected animals are superinfected with antigenically related cytopathic strains or
due to genetic rearrangements. The virus spreads between cattle mostly by direct
contact. But vertical transmission plays an important role in the epidemiology of the
disease. Although most of the transmissions occur from cattle to other species of
ruminants, transmissions from PI sheep and goat to cattle have also been demon-
strated. BVDV is also an important risk factor due to its presence in contaminated
foetal calf sera, cell lines, biologicals and vaccines. Outbreak of BVD due to admin-
istration of a BVDV-2 contaminated live infectious bovine rhino-tracheitis (IBR)
vaccine has been reported (Falcone et al. 1999, 2003).

BD, caused by BDV is principally a reproductive disease of sheep that shares
many characteristics similar to BVD in cattle and occurs in several sheep rearing
countries worldwide. Pestivirus infections in small ruminants can cause variety of
clinical syndromes including reproductive failure, abortion, still birth, respiratory
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disease, poor growth rate, diarrhoea, nervous signs and muscular tremor resulting in
economic losses (Nettleton et al. 1998). Transmission of infection between small
ruminants and cattle in both ways has been demonstrated though usually it is from
cattle to sheep or goats. However, BD in sheep and goats can be caused by BDV,
BVDV-1 and BVDV-2. Additionally, BDV has recently been detected in cattle under
natural conditions in Austria (Hornberg et al. 2009) and U.K. (Strong et al. 2010).
Different species of pestiviruses predominate in different countries depending on the
close contact among ruminants. Border disease is caused by BVDV-1 in Norway and
Sweden (Sandvik et al. 2002), BDV in Australia, New Zealand and Spain (Valdazo-
Gonzalez et al. 2008; Vilcek et al. 1998), BDV and BVDV-1 in U.K. (Willoughby
et al. 2006), BDV, BVDV-1 and BVDV-2 in USA (Sullivan et al. 1997).

In addition, atypical pestivirus infections have been detected in foetal calf serum
from Brazil (Schirrmeier et al. 2004), Brazilian buffalo (Stalder et al. 2005) and
cattle in Thailand (Stahl et al. 2007). A new pestivirus, called pronghorn antelope
has been detected from a diseased pronghorn antelope in U.S.A. (Vilcek et al. 2005).
Though pestiviruses do not cause human infections, inter animal species transmission
is common and due to close relationship with Hepatitis C virus in humans BVDV
has often been used as a surrogate model for studying antiviral drugs and unraveling
the mysteries of persistent infection pathogenesis.

9.2.3 Current Methods of Diagnosis

Presently diagnosis of pestivirus infections is carried out on the basis of identification
of agent or by demonstrating seroconversion in infected animals. Persistently viraemic
animals resulting from congenital infection can be readily identified by isolation of
noncytopathogenic virus in cell cultures from blood or serum. Immune-labelling
methods such as immunoperoxidase test or immunofluorescence test are then used
to detect the growth of virus in the cultures. Alternatively, direct detection of viral
antigen in leukocytes is carried out by pestivirus antigen capture ELISA (PACE) or
in ear notch by immunohistochemistry or ELISA. Microplate immunoperoxidase
assay is usually used for mass screening of animals for persistent infection. But
these methods have several limitations such as varying sensitivity and long time
required for test results. Moreover, colostral antibodies can mask the presence of
virus in PI animals and complicate their detection. Persistence of virus should
be confirmed by resampling after an interval of at least 3 weeks and P.I. animals
usually have no or low levels of antibodies to BVDV/BDV. Acute infections can be
detected in leukocytes by virus isolation or by RT-PCR and rarely by PACE.
Antibody to BVDYV can be detected in sera of animals by virus neutralization test or
ELISA. Acute infection with BVDV is best confirmed by demonstrating serocon-
version using sequential paired samples (acute and convalescent) from several
animals in the group.

In comparison to virus isolation in cell culture, the viral nucleic acid can be
detected earlier after infection and for a longer period in BVDV infected cattle.
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RT-PCR using pooled serum and milk samples has been found useful to identify PI
animals in dairy and beef herds in many countries. The viral RNA in leukocytes,
serum and tissues can also be detected by RT-PCR and real time RT-PCR. A large
number of standard RT-PCR protocols for diagnosis of BVD have been published
and are in use in many laboratories. The most widespread protocol uses primers
324/326 (Vilcek et al. 1994) that amplifies a 288 bp fragment of the 5" un-translated
region (5°-UTR) and is pestivirus specific. Then a nested PCR is used to differentiate
between BVDV-1, BVDV-2 and BDV as all the three can infect ruminants and
produce similar clinical manifestations. Though a number of RT-PCR and nested
RT-PCR assays have been developed targeting highly conserved 5" UTR of the
genome for use in ruminants, the post processing analysis such as agarose gel analysis
of amplification products increases the risk of contamination. The real time RT-PCR
system is based on the detection and quantitation of a fluorescent dye. So the quan-
titation and genotyping of pestiviruses can be achieved simultaneously. As the
results can be obtained faster due to real time visualization of data, it is useful
not only during disease outbreak in herds of valuable livestock but also for routine
diagnosis. Several real time PCR assays, both in uniplex or in duplex formats, are
now available commercially and real time RT-PCR is now increasingly being used
for diagnosis and genetic typing of ruminant pestiviruses with primers and probes
targeted to 5’ UTR (Baxi et al. 2006; Willoughby et al. 2006; Liu et al. 2008).
Genetic typing of ruminant pestiviruses is important for the purpose of control
and epidemiology. The more precise genetic typing of pestiviruses has been obtained
from the application of molecular genetic methods such as, reverse transcription-
polymerase chain reaction (RT-PCR) and sequencing coupled with computer-assisted
phylogenetic analysis. Although sequence analysis of 5'UTR can be used for the
segregation of pestivirus isolates into the four established species, segregation into
types and subtypes is better accomplished by sequence analysis of complete genes
coding NP and E2 proteins (Becher et al. 1999, 2003; Vilcek et al. 2001, 2004).
Antigenic typing of ruminant pestiviruses can be achieved by using monoclonal
antibodies specific to various species (Paton et al. 1995). Antigenic relationship of
pestiviruses studied by cross neutralization using defined serological reagents has
also been used as an additional criterion for demarcating pestivirus types. However,
there is little correlation between pestivirus subtypes and course of the disease.

9.2.4 Control and Surveillance

The control of ruminant pestivirus infections depends on their economic impact and
varies according to their pathogenicity and economic conditions of the country in
question. The major economic damage due to BVDV is caused by reproductive
problems and losses while some acute infections lead to pronounced disease signs
and mortality. There are only few countries having official guidelines regarding
BVD control while none for BD. There is a concern regarding control of BVD in
cattle in industrialized nations while most developing and underdeveloped countries
live with the infection.
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BVD control is broadly implemented by two methods, preventive vaccination
and/or removal of PI viraemic animals from the herd. Vaccination has still remained
a major practical measure against BVD and several modified live and inactivated
vaccines are available commercially in industrialized nations. Live vaccines should
not be used in pregnant animals as the virus can cross the placenta and infect the
fetus. As most of the live virus vaccines use cp strains, they should not be used in PI
animals. For inactivated BVDV vaccines, there is also need of a booster vaccination
for providing adequate immunity thereby increasing the cost of control. Vaccination
is primarily aimed at preventing diaplacental and fetal infections effectively by vac-
cination of seronegative female animals. But even with absolute fetal protection by
vaccination, PI animals still can pass BVDYV to their offspring (Zimmer et al. 2002).
Hence, control of BVD by vaccination of immunologically naive animals has not
been very successful. The considerable degree of antigenic diversity among BVDV
strains provides another challenge to effective vaccination. The pronounced anti-
genic differences between BVDV-1 and BVDV-2 isolates is important for diagnosis
and control as prior exposure with BVDV-1 either through infection or through
vaccination does not protect against infection with BVDV-2.

As the most important aspect of BVD control is identification and removal of PI
animals, Scandinavian countries have been extremely successful in reducing the
infection by following this method of BVD control (Lindberg et al. 2006). With
continuous improvement in performance of the diagnostic tests and development of
diagnostic tests for large scale testing this method of control may be feasible in
other countries not practicing vaccination. The Scandinavian model of BVD control
envisages identification of infected and non-infected herds, surveillance and certifi-
cation of non-infected herds followed by removal of infected animals. However, this
model has taken more than a decade to reach the final phase of BVD eradication. An
alternate recent model of BVD control is in practice in Switzerland with support
from farmers’ associations where antibody prevalence levels are high (Presi and
Heim 2010). The model proposes individual identification and removal of PI
animals simultaneously across the country, movement restrictions, education of
farmers without undertaking initial antibody screening. Within 3 years of its imple-
mentation, the Swiss programme aims to reach the final phase of BVD eradication.

9.3 Genetic and Antigenic Diversity

9.3.1 Genetic and Antigenic Diversity of BVDV-1

The highly fatal outbreaks of cattle in USA and Canada during 1980s led to the
identification of BVDV-2 and consequently classical BVDV was renamed as
BVDV-1 and both BVDV-1 and BVDV-2 were considered as two separate species
within pestivirus genus (Ridpath et al. 1994; Pellerin et al. 1994). BVDV-1 occurs
worldwide and more frequently. Initially, two subtypes of BVDV-1, BVDV-1a
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(NADL like) and BVDV-1b (Osloss like) were reported (Pellerin et al. 1994;
Harasawa 1994). As more isolates in different countries around the world were
characterized genetically and antigenically, the diversity of BVDV-1 subtypes
expanded further. On the basis of phylogenetic analysis, Baule et al. (1997) and
Becher et al. (1999) reported 3—5 subtypes within BVDV-1. A more comprehensive
study of genetic analysis of BVDV-1 isolates originating from different countries
revealed that BVDV-1 could be divided into 11 subtypes (Vilcek et al. 2001). More
recently, 15 subtypes (BVDV-1a to BVDV-10) within BVDV-1 have been reported
with another new probable subtype (BVDV-1p) reported from China revealing
extensive genetic heterogeneity (Vilcek et al. 2004; Yesilbag et al. 2008; Jackova
et al. 2008; Xue et al. 2010) (Fig. 9.1).

Distinct pattern of distribution of BVDV-1 subtypes have been reported in diverse
geographical areas and environments around the world. BVDV-1a and BVDV-1b
subtypes have predominantly been found circulating in Americas, U. K., Ireland,
Spain, Korea and India (Graham et al. 2001; Vilcek et al. 2001; Arias et al. 2003;
Mishra et al. 2004; Fulton et al. 2005; Oem et al. 2009). BVDV-I1c is the predominant
subtype in Australia (Mahony et al. 2005) but has also been found in Germany
(Becher et al. 1997), Spain (Arias et al. 2003), Japan (Nagai et al. 2008) and India
(Mishra et al. 2008a). Similarly, BVDV-1d and BVDV-1f subtypes have predomi-
nantly been found in some European countries (Toplak et al. 2004; Uttenthal et al.
2005) while BVDV-1g¢ is restricted to Slovenia (Toplak et al. 2004). At least five
subtypes of BVDV-1, BVDV-1a, 1b, 1d, le and 11 have been identified in France,
with subtype BVDV-1e predominating (Jackova et al. 2008). BVDV-11 subtype has
been predominantly found in Turkey along with other BVDV-1 subtypes commonly
found in Europe, BVDV-1a, BVDV-1b, BVDV-1d, BVDV-1f and BVDV-1h
(Yesilbag et al. 2008). In contrast to other countries in Europe, all the cattle isolates
from Switzerland to date belong to BVDV-1 only with subtypes of BVDV-1b,
BVDV-1le, BVDV-1h and BVDV-1k evenly distributed (Bachofen et al. 2008).
Interestingly, the degree of genetic diversity differed significantly between different
subtypes as viruses of BVDV-1e were found to be genetically more diverse in com-
parison to viruses of BVDV-1h. High genetic diversity of BVDV-1 viruses has been
found in Japan with six BVDV-1 subtypes (la, 1b, Ic, 1j, 1n, 10) including two new
subtypes, BVDV-1n and BVDV-10 (Nagai et al. 2008). Till date, the highest genetic
diversity of BVDV-1 isolates have been found in Austria where at least eight subtypes,
BVDV-1a, 1b, 1d, le, 1If, 1g, 1h and 1k have been identified with subtype BVDV-1f
and BVDV-1h predominating (Hornberg et al. 2009). BVDV-1m subtype has been
predominantly found in China alongwith a new probable subtype, BVDV-1p (Xue
et al. 2010). A number of strains belonging to various BVDV-1 subtypes have also
been identified in wild ruminants. The most predominant subtype, BVDV-1b has
been found in Canadian bison, alpaca, pudu and bongo while BVDV-1a has been
identified in Canadian bison, BVDV-1c and BVDV-1j in deer, BVDV-1d in roe deer
and BVDV-1f in mousedeer (reviewed in Vilcek and Nettleton 2006). However,
more definitive genetic diversity of BVDV-1 isolates will be revealed when more
isolates are characterized genetically in future as phylogenetic grouping is useful in
evolutional and epidemiological history of pestiviruses, to trace the origin of new
outbreaks and provide a basis for effective control programmes.
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Fig. 9.1 Genetic diversity of BVDV-1 isolates (The phylogenetic tree was constructed from
392 bp nucleotide sequences from the N-terminal part of NP°. The Austrian isolates analysed in
this work are labelled in bold. Other sequences were taken from the NCBI GenBank with the fol-
lowing accession numbers: BVDV-la — NADL (M31182); BVDV-1b — Osloss (M96687);
BVDV-1c — Bega (AF049221), Trangie (AF049222); BVDV-1d — F (AF287284); BVDV-1e — 3-1t
(AF287282); BVDV-1f — J (AF287286), W (AF287290); BVDV-1g — A (AF287283); BVDV-1h —
G (AF287285); BVDV-1i —23-15 (AF287279); BVDV-1j — Deer (U80902); BVDV-1k — CH-Suwa
(AY894998). The tree was constructed using PHYLIP Dnadist, Neighbor and Consense pro-
grammes (Felsenstein 2005). The bootstrap values presented in percentage supporting particular
branch were computed with the Seqboot programme for 1,000 replicates. Reprinted from Veterinary
Microbiology, 135 (3—4), Hornberg et al. 2009, Genetic diversity of pestivirus isolates in cattle
from Western Austria, pp. 205-213 (2008) with permission from Elsevier)

Results of cross neutralization tests employing antisera raised to different pesti-
virus strains have shown that BVDV-1 strains are poorly or not neutralized by anti-
sera raised against BVDV-2, BDV, CSFV and Giraffe (Becher et al. 2003). In
general, several studies have shown that BVDV-1 isolates are antigenically closely
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related to each other than to BVDV-2. However, in some cases, the antigenic differ-
ences between BVDV-1 strains of different subtypes can be similar to that found
between BVDV-1 and BVDV-2 and such strong antigenic differences should be
accounted for in development of vaccines and implementation of control program.
Significant antigenic differences between BVDV-1a and BVDV-1b subtypes have
been reported (Avalos-Ramirez et al. 2001; Becher et al. 2003). This was further
substantiated by a study in U.S.A. showing that current vaccines containing only
BVDV-1a strains induce lower BVDV-1b neutralizing antibody titre that may lead
to inadequate protection against other subtypes (Fulton et al. 2003). Significant anti-
genic differences among some of the BVDV-1 subtypes prevalentin Chile (BVDV-1a,
BVDV-1b, BVDV-1c¢) and Switzerland (BVDV-1e and BVDV-1k) but lower than
that between BVDV-1 and BVDV-2 have been reported (Pizarro Lucero et al. 2006;
Bachofen et al. 2008). Similarly, a marked antigenic difference was also observed
between strains of subtype BVDV-1n, BVDV-10 and other subtypes BVDV-1a,
BVDV-1b, BVDV-1c and BVDV-1j in Japan (Nagai et al. 2008). Antigenic differ-
ences between BVDV-1a, BVDV-1b and BVDV-Ic strains prevalent in USA and
Australia have also been demonstrated recently (Ridpath et al. 2010). But com-
prehensive cross neutralization data among all genetic subtypes of BVDV-1 are
still lacking.

9.3.2 Genetic and Antigenic Diversity of BVDV-2

BVDV-2, first detected in cattle of USA and Canada was found later in several
other countries of South America, Europe and Asia (Ridpath et al. 1994; Pellerin
et al. 1994; Wolfmeyer et al. 1997; Vilcek et al. 2001; Couvreur et al. 2002; Flores
et al. 2002; Nagai et al. 2004; Oem et al. 2009). On the basis of phylogenetic analysis,
BVDV-2 has been divided into four (2a-2d) subtypes (Becher et al. 1999;
Giangaspero et al. 2001; Tajima et al. 2001; Flores et al. 2002; Novackova et al.
2008). However, the subdivision of BVDV-2 into four subtypes on the basis of
palindromic nucleotide substitution method of 5" UTR sequences (Giangaspero
et al. 2001) has not been validated by structural and nonstructural protein coding
gene sequence analysis. Moreover, three German BVDYV strains were classified as
BVDV-2c on the basis of partial E2 gene sequence analysis (Tajima et al. 2001).
Hence, on the basis of complete NP and E2 gene sequence analysis, only two
subtypes (BVDV-2a & 2b) have thus far been identified (Becher et al. 1999; 2003;
Mishra et al. 2008b; Novackova et al. 2008). BVDV-2 isolates in America, Europe
and Asia are mostly of BVDV-2a subtype while members of BVDV-2b have been
detected mainly in South America and sporadically in Europe and Asia (Becher
et al. 1999; Vilcek et al. 2001; Flores et al. 2002; Ridpath et al. 2006; Barros et al.
2006; Mishra et al. 2008b; Novackova et al. 2009). In cattle, strains of BVDV-2b
subtype were earlier found prevalent only in South American countries of Brazil
and Argentina and later in Slovakia and Portugal whereas subtype BVDV-2a was
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found prevalent in several countries of North America, Europe and Asia. Majority
of the ovine BVDV-2 isolates belong to subtype a (Sullivan et al. 1994; Pratelli et al.
2001) while occurrence of BVDV-2b subtype in sheep has been reported from India
(Mishra et al. 2008b) and Turkey (Yesilbag et al. 2008), which provides the evi-
dence that both the subtypes of BVDV-2 can occur in sheep as in cattle. However,
in goats only BVDV-2a subtype has yet been identified (Mishra et al. 2007a). It
appears that BVDV-2 isolates are genetically less diverse compared to BVDV-1.
Moreover, BVDV-2 has not been detected in wild animals unlike BVDV-1 and BDV.
In contrast to the BVDV-1, significant antigenic diversity has not been found
between BVDV-2 subtypes. Continued surveillance and characterization of BVDV-2
isolates in various countries will reveal additional diversity in future.

9.3.3 Genetic and Antigenic Diversity of BDV

Historically, the pestiviruses are named after the host species and the diseases they
cause. The natural hosts of BDV are sheep and goats while natural infection of
cattle and pig has also been reported (Nettleton et al. 1998; Strong et al. 2010). BDV
was identified initially in sheep and when more BDV strains were analyzed, it led to
reclassification of BDV strains into at least seven subtypes within BDV species
(Vilcek et al. 1998; Becher et al. 2003; Arnal et al. 2004; Dubois et al. 2008;
Ogozoglu et al. 2009). The more defined phylogenetic analysis classified the earlier
identified BDV strains in U.K., U.S.A., Australia and New Zealand, including the
BDV reference strains as BDV-1 subtype (Becher et al. 2003). A pestivirus identi-
fied in reindeer was typed initially as a separate genotype, but when more isolates
were analyzed it was reclassified into BDV-2 subtype along with other German
ovine strains (Becher et al. 2003). Furthermore, additional diversity was displayed
when BDV-1 isolates could be divided into BDV-1a and BDV-1b and BDV-2 iso-
lates into BDV-2a and BDV-2b (Becher et al. 2003; Strong et al. 2010). BDV-3 was
initially identified in sheep in Germany, but also found in sheep in Switzerland and
Austria and in cattle in Austria (Stalder et al. 2005; Krametter-Froetscher et al.
2007; Dubois et al. 2008). The BDV-4 subtype was first identified in Pyrenian
chamois while investigating causes of decline in chamois population and later also
in ovines in Spain (Arnal et al. 2004; Valdazo-Gonzalez et al. 2007). Recent studies
have identified BDV-5 and BDV-6 subtypes in France (Dubois et al. 2008) and iso-
lates from Turkey have been proposed to belong to a new subtype that awaits full
characterization (Ogozoglu et al. 2009). In France, different subtypes of BDV have
been identified even in same rearing area. In addition, pestiviruses belonging to an
intermediate group, which is genetically close to CSFV but antigenically related to
BDV, have been isolated from sheep in Tunisia (Thabti et al. 2005). Some of the
French isolates have been classified recently also into this group. A novel caprine
BDV isolate identified in Italy in 2005, was assigned to a novel pestivirus subgroup.
However, recently analyzed ovine BDV strains in Italy alongwith the earlier caprine
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strain have been classified into a new subtype, BDV-7 (Giammarioli et al. 2010).
Among various subtypes of BDV, BDV-1 and BDV-3 subtypes have also been iden-
tified in cattle. Interestingly, BDV has also been isolated from wild animals. These
include BDV-2 from reindeer and European bison in Germany and BDV-4 from
chamois in Spain. Hence, the genetic diversity of BDV is greater than other species
of pestiviruses and needs more efforts for their authentic classification (Fig. 9.2).

In concert with genetic diversity, significant antigenic differences have been found
between BDV-1, BDV-2 and BDV-3 subtypes and also between subgroups within
BDV-1 (Becher et al. 2003). The antisera raised against BDV-1, BDV-2 and BDV-3
neutralized heterologous BDV strains and CSFV to same extent while BVDV-1 and
BVDV-2 were poorly or not neutralized. Similarly, a higher homologous neutralizing
titre was found in chamois naturally infected with BDV-4 in comparison to heterolo-
gous viruses, BDV-1 and BDV-2. But antigenic relationship between BDV-4, BDV-5,
BDV-6 and BDV-7 and other BDV subtypes is yet to be determined.

9.3.4 Diversity of Atypical and New Pestiviruses

When the complete nucleotide sequence data of Giraffe-1 isolate (H 138) became
available, the results suggested that it represented a new pestivirus species, pestivi-
rus of Giraffe. A further virus strain (PG-2) isolated from a bovine cell culture was
also clustered into the phylogenetic lineage represented by the Giraffe isolate
(Becher et al. 2003). This novel group of pestivirus was also supported by studies
on antigenic relationship (Becher et al. 2003) and hence pestivirus of Giraffe was
recognized as a tentative species within pestivirus genus (Thiel et al. 2005).
Additional pestivirus diversity became apparent when a preliminary antigenic study
of a virus isolated from a dead pronghorn antelope, a new world wild animal found in
USA indicated the possible involvement of a pestivirus. Then phylogenetic analysis of
5'UTR, NP and E2 genes clearly demonstrated that it belonged to an additional highly

»
>

Fig. 9.2 Genetic diversity of BDV isolates (Neighbour-joining phylogenetic tree constructed using
489 nt from the Npro region of the pestivirus sequences found during this study and from the
database. Sequences taken from GenBank database with the following accession numbers: Antelope,
AY781152; 890, U18059; C413, AF002227; NADL, NC001461; Osloss; Giraffe, NC003678;
HoBi, AY735486; 35, AF462014; BMO1, AY452482; 33S, AF462015; Alfort, X87939; Brescia,
AF091661; 71202, AJ829444; CHBDI1, AY895008; Gifhorn, AY163653; CHBD2, AY895009;
466, AY163650; 1738500, AY163651; Chemnitz, AY163652; Reindeerl, NC003677; Bisonl,
AF144476; 1374, L05402; X818, AF037405; BD31, U70263; CBS5, AF145358; Chamoisl,
AY738083; M3, DQ273163; C121, DQ273159; LE31C2, DQ273161; BUICRA22, DQ273155;
C27, DQ273156. The tree was outgrouped to the sequence of the Antelope pestivirus. The numbers
close to the major nodes indicate the bootstrap values (in %; 1,000 replicates). Bar: number of sub-
stitutions per site. Nomenclature of species, genotype and subtype were described according to
Becher et al. (2003) and Valdazo-Gonzdlez et al. (2007). Reprinted from Veterinary Microbiology,
130 (1-2), Dubois et al. 2008, Genetic characterization of ovine pestiviruses isolated in France,
between 1985 and 2006, pp. 69-79 (2008) with permission from Elsevier)
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Fig. 9.3 Genetic diversity of pestiviruses (The phylogenetic tree was prepared with nucleotide
sequences of the entire N region using a neighbour-joining method. Reprinted from veterinary
microbiology, 116 (1-3), Vilcek and Nettleton, Pestiviruses in wild animals, pp. 1-12 (2006) with
permission from Elsevier)

divergent pestivirus genotype (Vilcek et al. 2005). However, cross neutralization
between the pronghorn isolate and BVDV-1, BVDV-2 and BDV-1 was noticed.

Novel atypical pestiviruses have been detected recently in batches of foetal calf
serum and in cattle infected naturally. An atypical pestivirus, “HoBi” was isolated
from a batch of FCS originating from Brazil and was proposed to be member of
sixth pestivirus species (Schirrmeier et al. 2004) (Fig. 9.3). Interestingly, this virus
could not be identified using well known pan-pestivirus primer pair 324/326.
Additionally, Brz buf 9 has been isolated from a Brazilian buffalo and CH-KaHo/
cont has been isolated from a contaminated cell culture (Stalder et al. 2005), while
Th/04_KhonKaen was isolated from naturally infected cattle in Thailand (Stahl
et al. 2007). The phylogenetic analysis of these atypical pestiviruses showed that
they belong to a monophyletic clade, that is closely related to BVDV-1 and BVDV-2
clades and proposed to be members of BVDV-3 (Liu et al. 2009). Additionally, two
subtypes within BVDV-3, BVDV-3a and BVDV-3b could be recognized (Liu et al.
2009). Interestingly, all three members of BVDV-3a subtype were derived from
foetal calf serum while member of BVDV-3b subtype were derived from a naturally
infected calf. However, no clinical signs have been observed in calves naturally or
experimentally infected with atypical pestiviruses. The evidence of atypical pestivi-
ruses as a separate group within pestivirus genus was also provided when the results
of cross neutralization tests performed on sera from cattle in the herd of the atypical
pestivirus infected calf in Thailand showed a higher neutralization titre against
atypical pestivirus HoBi than BVDV-1, BVDV-2 and BDV.
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9.4 Future Perspectives

9.4.1 Challenges for Pestivirus Diagnosis

The genetic and antigenic diversity of pestiviruses, diverse host range and clinical
outcomes provide a real challenge for both laboratory diagnosis and clinical diag-
nosis in future. Furthermore, pestiviruses are commonly found as contaminants in
foetal calf serum, cell lines, live attenuated vaccines and other biological products
prepared for human and animal use. Virus isolation is also at risk from cross con-
tamination from laboratory handling. Hence, identification of any new pestivirus
or pestivirus in an unusual host should be reported with caution. Moreover, the
serological cross reactivity complicates differentiation of pestivirus infections
through serological assays. No uniform approach is currently in practice with
regard to selection of correct virus for use in serological studies, selection of com-
mercial antigen ELISA kits for identification of all ruminant pestiviruses, selec-
tion and correct use of monoclonal antibodies in antigenic typing and the use of
correct cells for virus isolation. The problem has further been compounded by
failure of some antigen ELISA kits or immunohistochemistry that use Mabs
against E™ antigen in detecting all the ruminant pestiviruses. Again, many ELISA
kits used for screening of PI animals have not been validated for all ruminant
pestiviruses and in different hosts. Tests for pestivirus diagnosis should also be
assessed for their ability to distinguish between acute and persistent infections.
These problems need to be addressed in future for accurate and quick pestivirus
diagnosis.

Although genetic methods such as RT-PCR and real time RT-PCR have increas-
ingly been used for pestivirus diagnosis, problems have also been encountered in
selection of primers and probes to detect existing and new pestiviruses. It has been
reported that due to the genetic differences, RT-PCR using pan-pestivirus specific
primer pair 324/326 failed to detect atypical pestiviruses such as HoBi, although
these primers could recognize all pestiviruses analyzed so far (Schirrmeier et al.
2004). At least three different sets of primers and probes are required currently in
real time RT-PCR for accurate genetic typing of BVDV-1, BVDV-2, BDV and
atypical pestiviruses in ruminants. The resultant enhanced cost of real time RT-PCR
for routine laboratory diagnosis has been a limiting factor in carrying out surveil-
lance specially in developing and less developed countries. Hence, a general pesti-
virus PCR followed by species specific PCR should be used for identification and
differentiation of pestiviruses. The cross contamination during PCR is another
major problem that should be considered while interpreting RT-PCR results in pes-
tivirus diagnosis. Another disadvantage in PCR based assay is the decreased ampli-
fication or negative results due to mismatches in primers and probes. Therefore,
evaluation and updation of primers and probes should be carried out at regular
intervals to rule out newly emerging pestiviruses. The validation, standardization
and quality control of PCR based diagnostic methods should be carried out in all
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diagnostic laboratories instead of using in-house PCR assays. Development and
validation of microarray technique in future may contribute identification of a
range of pestiviruses simultaneously. Another important aspect is to study the anti-
genic and biological properties of pestivirus isolates and their role in pathology of
infection.

Besides nucleotide sequence relatedness, antigenic relatedness is another impor-
tant criterion that is considered important for demarcation of pestiviruses into species
and subtypes within species (Thiel et al. 2005). Moreover, antigenic differences are
important for diagnosis and vaccination. While nucleotide sequences can be quickly
generated and phylogenetic analysis can be performed to identify new subtypes or
species, comprehensive studies on antigenic relatedness are more demanding but
have often been lacking. Therefore, antigenic differences should always be performed
during subtyping of pestiviruses to have better practical utility. It needs to be empha-
sized that genetic typing and subtyping of pestiviruses is often based on sequence
analysis of 5'UTR, NP and E2 gene regions while antigenic typing is based on the
neutralizing epitopes present in the envelope protein E2. Many times it becomes
difficult to correlate the results if both genetic and antigenic typing is carried out
for different gene regions. Hence, a unified approach should be agreed in future to
circumvent these problems.

9.4.2 Challenges for Control Strategies

From disease control point of view, antigenic diversity of ruminant pestiviruses
imposes serious challenges. First of all, as recent studies suggest, BDV can infect
cattle naturally while sheep and goats can be infected naturally with BVDV-1 and
BVDV-2 (Strong et al. 2010). Hence, it is necessary to assess ability of BVDV diag-
nostic tests currently in use to detect all three pestiviruses (BVDV-1, BVDV-2 and
BDV) including a range of subtypes specifically in cattle. Moreover, it needs to be
ascertained to what extent inactivated BVDV vaccines are able to provide protection
against BDV. Secondly, since all domestic inter ruminant contact can favour pesti-
virus transmission, control strategies in various countries need redesigning of sur-
veillance strategies and ensure optimal performance of laboratory diagnostic tests in
identifying PI animals. Thirdly, an atypical pestivirus should also be included in
serological screening assays of cattle used in BVDV control programmes. Fourthly,
since wildlife may be infected with more pestiviruses than presently identified, con-
tinual surveillance of wild ruminants is necessary especially in geographic areas,
where intermingling of domestic and wild ruminants takes place. Fifthly, current
and new BVDV vaccines must be able to protect against a variety of BVDV-1 and
BVDV-2 subtypes as most of the current vaccines contain only BVDV-1a strains
that may not be adequate in protecting against other BVDV-1 strains (Fulton et al.
2003). Sixthly, Successful BVD control programme should aim at elimination of
the source of PI animals and complete protection of the foetus.
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9.5 Conclusions

Pestiviruses are highly diverse in several aspects including complex interactions
with host, although all pestiviruses share the same genome structure. Based on the
increasing use of molecular epidemiological tools such as nucleotide sequencing
and computer-assisted phylogenetic analysis, several novel and atypical ruminant
pestiviruses have recently been identified in domestic and wild animals and their
heterogeneity in genetic and antigenic properties have been elucidated. However,
the classification and nomenclature of ruminant pestiviruses has been problematic
that needs to be resolved soon and additional parameters like antigenic relationship,
disease pathology and host range should also be considered for taxonomy. The critical
analysis of the data discussed in this chapter, suggest that ruminant pestiviruses are
highly successful in infecting many animal species with an efficient strategy to
survive and outmaneuver the host. Given the large genetic and antigenic diversity of
ruminant pestiviruses, laboratory diagnostic tests and control strategies need to be
reevaluated. With increased surveillance, a further surge in ruminant pestivirus
diversity can be anticipated in future and hence development of newer diagnostics
and vaccine formulations should be continued in a similar pace.
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Chapter 10

Cyanobacteria-PGPR Interactions for Effective
Nutrient and Pest Management Strategies

in Agriculture

Radha Prasanna, Anuj Rana, Vidhi Chaudhary, Monica Joshi, and Lata Nain

Abstract Soil microorganisms are known to play an active role in increased crop
yields and soil fertility through a diverse array of mechanisms and such organisms
are termed as PGPR (Plant Growth Promoting Rhizobacteria). This enhancement
has been attributed to their involvement in the cycle of nutrients like carbon and
nitrogen or in the decomposition of the organic matter, or production of allelopathic
metabolites or enzymes influencing the pathogenic flora/fauna which indirectly pro-
motes plant growth. Cyanobacteria are a ubiquitous group of organisms which have
been relatively less investigated as PGPR, although their role in nitrogen dynamics
of paddy based cropping systems is well investigated. Cyanobacteria are known to
produce compounds with a wide range of activities, including phytohormones, bio-
cidal metabolites or nutraceuticals. The interactions between agriculturally useful
heterotrophic bacteria and autotrophs such as cyanobacteria can be effective and
environment friendly options as biocontrol agents and biofertilizers. Plant-microbe
partnerships are increasingly being focussed for not only nutrient management, but
also for improving biomass production and remediation of polluted/inhospitable
environments. This compilation provides an overview of the developments on this
aspect and projections for the future.
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10.1 Introduction

Plant associated microorganisms fulfil important functions for plant productivity
and soil health as they participate actively in almost every chemical transformation
taking place in soil. In particular, they play an active role in soil fertility, as a result
of their involvement in the nutrient cycles of carbon and nitrogen, which are essen-
tial for plant growth. The balanced availability of both inorganic and organic matter
in the soil determines the soil fertility. The presence of enormous numbers of micro-
bial populations and species in the soil, especially in the rhizosphere and their inten-
sive and extensive interactions with these flora and fauna and plant roots, leads to
plant growth promotion by rhizosphere microorganisms (Bashan 1998; Khalid et al.
2004). However, the beneficial plant-microbe interactions have been ignored in the
on-going efforts for enhancing plant productivity, although microorganisms fulfil
important ecosystem functions for plants and soils (Persello-Cartieaux et al. 2003).
Current crop production methods, employing improper use of chemical pesticides
and fertilizers have created serious environmental and health problems. Further,
emerging, re-emerging and endemic plant pathogens continue to challenge our abil-
ity safeguard plant growth and health globally. This emphasizes the demand for
sound and ecologically compatible strategies in agriculture.

Plant associated bacteria generally include endophytic, phyllospheric and rhizo-
spheric bacteria (Fig. 10.1) which mediate several processes during plant growth,
development and soil geochemical cycles. Among them, the endophytic bacteria
exhibit tremendous diversity in plant hosts and bacterial taxa (Raaijmakers et al.
2009). The Psuedomonadaceae, Burkholderiaceac and Enterobacteriaceae are
among the most common families of cultivable endophytic species. Bacteria resid-
ing in the phyllosphere, mainly the leaves, comprise only a few taxa, but with rela-
tively large number of individuals or a number of taxa with only a small number
of individuals each. However, extensive research has focussed on plant growth pro-
moting rhizobacteria (PGPR) which through their close interactions with plant
roots, not only exert significant effects on plant growth, but also minimize fertilizer
inputs by promoting biological nitrogen fixation and enhancing acquisition of phos-
phorous and iron in the rhizosphere (Zahir et al. 2003; Vessey 2003; Kennedy et al.
2004; Welbaum et al. 2004). PGPR include bacteria mainly belonging to the genera
Arthrobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, Proteus, Pseudomonas,
Xanthomonas and Serratia.

The success of cyanobacteria or blue-green algae, as a group in a wide range of
habitats has been attributed to their unique physiological characters and high adap-
tive ability under a wide range of environmental conditions. They are a ubiquitous
group of prokaryotes, whose evolution (amply supported by fossil and molecular
evidence) can be traced back 3.5 billion years (Mundt et al. 2001). Although
cyanobacteria are globally important primary producers, exhibiting a worldwide
distribution in diverse ecosystems and contribute significantly to the fertility of rice
fields; their role as PGPR is less investigated (Karthikeyan et al. 2007; Prasanna
et al. 2009a, b, 2011b).The potential of cyanobacteria as a source of a variety of
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Fig. 10.1 Overview of multifaceted roles of plant associated bacteria

compounds such as polysaccharides, lipids, proteins, vitamins, sterols, enzymes,
pharmaceuticals and other fine chemicals is well recognized, and research efforts
are currently focussed on exploiting this biochemical diversity. The rhizosphere is
considered common ground for ecologists, molecular biologists and plant biolo-
gists, besides microbiologists and with genomic sequencing initiatives of several
PGP bacteria, including endophytes (http://genome.jgi-sgf.org/mic_home.html), a
comprehensive understanding of the “below ground” interactions can be envisaged
in the years to come. Our compilation focuses on the multifaceted roles of plant
associated bacteria, with emphasis on PGP rhizobacteria and cyanobacteria and
provides an overview of salient findings available globally.

10.2 Rhizosphere Interactions and Chemical Signalling

The rhizosphere is the playground and infection court for soil borne pathogens and
also a battlefield, where both microflora and microfauna interact with soil borne
pathogens. However, our knowledge regarding the chemical cues between the various
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players is less known. As Leonardo da Vinci quoted “We know better the mechanics
of celestial bodies than the functioning of the soil below our feet’. Plant growth-
promoting rhizobacteria (PGPR) are beneficial bacteria that colonize plant roots and
enhance plant growth by a wide variety of mechanisms. Such bacteria have been
applied to a wide range of agricultural plant species for the purpose of growth
enhancement, including increased seed emergence, plant weight, crop yields and
disease control (Kloepper et al. 1991). They facilitate plant growth and develop-
ment, both directly and indirectly (Glick 1995). Direct stimulation may include pro-
viding plants with fixed nitrogen, phytohormones or iron (that has been sequestered
by bacterial siderophores) and solubilized phosphate, while indirect stimulation of
plant growth includes preventing phytopathogens (biocontrol) through production
of antibiotics/siderophores and hydrogen cyanide and thus promoting plant growth
and development (Kloepper et al. 1991). However, the effects are often overlapping
and it becomes difficult to assign a function for each trait exhibited by the PGPR.

Plant growth promoting rhizobacteria (PGPR) display a set of positive features,
which, as a rule, includes auxin synthesis (Belimov et al. 1999). Phytohormones
play an important role as signals and regulators of growth and development in
plants. They also contribute to the coordination of diverse physiological processes
in plants, including the regulation of quiescence and seed germination, root forma-
tion, florescence, branching, tillering and fruit ripening. They increase plant resis-
tance to environmental factors and induce or suppress the expression of genes and
the synthesis of enzymes, pigments and metabolites. The group of phytohormones
include auxins, cytokinins, gibberellins and ethylene like substances. The synthesis
of auxins is often regarded as an important condition for associative interaction
between rhizobacteria and plants (Katsy 2005).

Auxins control the plant vegetative growth, flowering and fruiting and influence
the photosynthesis, pigment formation, biosynthesis of various metabolites and
plant resistance to various environmental stress factors. Among auxins, indole-3-
acetic acid (IAA) is the most studied plant growth regulators, in terms of physiolog-
ical, biochemical and genetic aspects (Sergeeva et al. 2002). IAA, the most abundant
naturally occurring auxin, has been implicated in regulating a variety of developmental
and cellular processes such as cell extension, cell division, vascular differentiation,
root formation, apical dominance, and tropisms (Napier and Venis 2005). The
production of IAA is widespread among soil and plant-associated prokaryotes
(Costacurta and Vanderleyden 1995).

Enhanced plant growth may result directly from microbial production of plant-
growth regulators, including indole-3-acetic acid (Bano and Musarrat 2004; Donnell
et al. 2003). Rhizospheric bacteria showed relatively more potential for IAA
synthesis as compared to histoplane and phyllosphere isolates. The IAA produced
by microbes colonizing the seed or root surfaces is proposed to act in conjunction
with endogenous IAA in plants to stimulate cell proliferation and/or elongation
and enhance the uptake of minerals and nutrients from the soil by the hosts. IAA
producing bacteria affect growth and development, led to plant root system
development and subsequently increased nutritional uptake by the plants. The
ability to synthesize IAA was detected in many rhizospheric and epiphytic bacteria
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Azospirillum sp., Agrobacterium sp., Azotobacter sp., Alcaligenes sp., Enterobacter
sp., Erwinia sp., Acetobacter sp., Rhizobium sp., Bradyrhizobium sp. and
Herbaspirillum spp. (Datta and Basu 2000). Park et al. (2005) reported the wide-
spread synthesis of IAA among the genera Pseudomonas, Bacillus and Xanthomonas.
Although it is relatively easy to measure the concentration of IAA produced in the
laboratory; it is difficult to assess and determine the levels of IAA produced in
rhizosphere as expression of IAA genes is controlled by both genetic and environ-
mental factors. Moreover, five different pathways are identified in bacteria for
biosynthesis of IAA (Glick et al. 1998).

Cyanobacteria are generally considered to be obligate phototrophs, despite
several reports on their photoheterotrophy, and their ability to grow in the dark with
simple sugars. Our reports revealed the taxonomic and metabolic diversity of
cyanobacteria in the rhizosphere of rice and wheat (Misra and Kaushik 1989;
Karthikeyan et al. 2007, 2009; Prasanna et al. 2009a; Jaiswal et al. 2008a). Sergeeva
et al. (2002) reported IAA biosynthesis in free living and symbiotic cyanobacteria
of the genera Nostoc, Chlorogloeopsis, Calothrix, Plectonema, Anabaena,
Cylindrospermum and Anabaenopsis. Recently, IAA production has been observed
in several Anabaena species and rhizo-cyanobacterial isolates from rice and wheat
rhizosphere (Karthikeyan et al. 2007; Prasanna et al. 2008a, b, 2009a, 2010b,
2011a,b; Manjunath et al. 2011). Karthikeyan et al. (2007) evaluated the potential
of plant growth promoting activity of the cyanobacterial species such as Calothrix,
Hapalosiphon and Nostoc from the rhizosphere of Wheat, which was a first time
report for this crop. Evaluation of their plant growth promoting activity and close
interactions with the plant roots in pot culture experiments, revealed them as
suitable PGPR candidates. The biosynthesis of IAA in Anabaena strains was
observed to be significantly influenced by incubation under light—dark regimes in
the presence or absence of tryptophan (Prasanna et al. 2010b) and the role of different
levels of tryptophan revealed the significance of light—dark conditions and tryptophan
levels in regulating IAA production. Interactions between PGPR-cyanobacteria
were evaluated using IAA (indole-3-acetic acid) producing proteobacterial and
cyanobacterial strains on the growth and yield of wheat (variety PBW343). Two
proteobacterial (WRB4 Providencia sp and WRB10 Alcaligenes sp.) and two
cyanobacterial (WRC3 Anabaena oscillarioides and WRC4 Anabaena torulosa)
strains were used individually and in combination. A positive interaction among the
proteobacterial and cyanobacterial strains especially WRC3 and WRB4 was also
observed by way of enhancement of plant growth parameters. Significant enhance-
ment in soil microbiological activities such as FDA hydrolysis and dehydrogenase
activity were recorded in the treatments especially in those inoculated with cyanobac-
terial strains, when compared to fertilizer controls. This is a first time report on the
potential of selected combinations of proteobacterial genera such as Providencia
and Alcaligenes and cyanobacteria such as Anabaena as plant growth promoting
organisms in wheat crop (Manjunath et al. 2011).

Cyanobacteria are known to characteristically liberate substantial quantities of
extracellular nitrogenous compounds into the medium. Physiological attributes of a
set of cyanobacterial strains, isolated from the rhizosphere of wheat (var. HD 2687),
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identified as belonging to the genera — Calothrix, Westiellopsis , Hapalosiphon and
Nostoc were analyzed (Karthikeyan et al. 2009). The concentrated culture filtrates
of three cyanobacterial strains — Calothrix ghosei, Hapalosiphon intricatus and
Nostoc sp. were able to enhance germination percentage, radicle and coleoptile
length in imbibition studies with wheat seeds. TLC analyses of the filtrates revealed
the presence of several amino acids, such as histidine and auxin-like compounds.
Co-culturing experiments with selected cyanobacterial strains recorded significant
enhancement in plant chlorophyll. Electron microscopic observations of root sections
of such wheat plants revealed the colonisation and mode of entry and intracellular
presence of short filaments and single cells of Anabaena, Nostoc sp.; emphasizing
the promise of these cyanobacterial strains as PGPR (Prasanna et al. 2009b; Jaiswal
et al. 2008a). Root sections of wheat seedlings co-cultured with Calothrix ghosei,
revealed the presence of short filaments inside the root hairs and cortical region
(Karthikeyan et al. 2009). Such strains can be promising candidates for developing
plant growth promoting associations for wheat crop, besides serving as model
systems for understanding the metabolic interactions of cyanobacteria with host
plant, such as wheat.

Ethylene is a gaseous plant growth substance that has been shown to be crucial
in many aspects of plant development as well as for their response to stress (Arshad
and Frankenberger 1998). One of the mechanisms that a number of PGPR uses to
facilitate plant growth and development is the lowering of plant ethylene concentra-
tion through the action of the enzyme 1-aminocyclopropane — 1 — carboxylate
(ACC) deaminase (Glick 1995; Glick et al. 1998). ACC deaminase hydrolyse ACC,
the immediate biosynthetic precursor of ethylene in plant and thus growth and
development of plants are modified. Bacterial strains containing ACC deaminase
can in part at least alleviate the stress induced ethylene mediated negative impact on
plants (Glick 2005). ACC deaminase has been widely reported in numerous micro-
bial species of Gram negative/ positive bacteria, rhizobia, endophytes and fungi
(Saleem et al. 2007).

The most substantial experimental evidence to support this PGPR ACC deami-
nase mediated model was conducted by Glick et al. (1998). Pseudomonas putida
GR 12-2 promoted growth of canola seedling and elongation of its root; but mutants
of P. putida GR 12-2 lacking ACC deaminase activity were unable to promote the
growth of canola seedling roots under gnotobiotic conditions implicating the role of
ACC deaminase in plant growth promotion. The model suggests that PGPR strains
binds to seed coat and during imbibition, the bacterium sequesters and then hydro-
lyzes ACC into & ketobutyrate and ammonia by the action of ACC deaminase,
thereby lowering the level of ethylene in developing plants. ACC deaminase has
been widely reported in numerous microbial species of PGPR. Inoculation with
PGPR containing ACC deaminase activity could be helpful in sustaining plant
growth and development under stress condition by reducing stress induced ethylene
production. Lately, efforts have been made to introduce ACC deaminase genes into
plants to regulate ethylene level in plants for optimum growth particularly under
stressed conditions (Saleem et al. 2007) like flooding, presence of organic toxicants,
metals, drought, salt and flower wilting (Glick 2005).
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10.3 Integrated Nutrient Management
Through PGP Partnerships

Biological Nitrogen fixation by PGPR is considered one of the major mechanisms
by which plant benefit from this association (Glick 1995). Ladha et al. (1998)
reported that nitrogen fixation by PGPR may stimulate the growth of low land rice
plants. Malik et al. (1977) and Biswas et al. (2000) also reported rice growth promo-
tion by diazotrophic PGPR. Rhizobial and Azospirillum strains are well known
PGPR which are used a biofertilizers due to their ability to fix nitrogen in the crop
rhizosphere. The effect of PGPR inoculation to enhance growth of tissue-cultured
banana plantlets under nitrogen (N) free hydroponics condition and N yield
(94-144%) was reported by Baset et al. (2010). Several experts have suggested that
PGPR stimulate plant growth by facilitating the uptake of minerals in the plant,
particularly phosphate by releasing organic acids, (Kloepper et al. 1991, 1999; Glick
1995; Chabot et al. 1996).

PGPR have been found to participate in the solubilisation of inorganic phos-
phate, and majority of these were species of Pseudomonas and Bacillus. Phosphorus
uptake was increased (13-23%) significantly in response to rhizobial inoculation of
rice compared to a non inoculated control (Biswas et al. 2000). Toro et al. (1997)
evaluated the interactive effect of phosphate solubilizing bacteria (Enterobacter sp.
and Bacillus subtilis) and Arbuscular mycorrhizal (AM) fungus Glomus intraradices
on onion with a soil of low P content. Inoculation of B. subtilis and AM fungi sig-
nificantly increased the vegetative biomass, N and P accumulation in plant tissues.
Further studies indicated that PGPR could create an acidic environment to promote
mineral nutrient solubilisation (Moghimi et al. 1978). Pot culture experiments
conducted at National Phytotron Facility, IARI and glasshouse with variety HD2687
and the cyanobacterial strains (applied singly or in combination) showed a significant
enhancement in microbial biomass carbon and statistically at par values with full dose
of NPK, in terms of plant height, dry weight and grain yields (Karthikeyan et al. 2007).
Synergistic interactions among the PGPR strains (bacteria-cyanobacteria— Bacillus
sp. + Brevundimonas diminuta+ Anabaenasp.; Bacillus sp. + Calothrix sp.+ Anabaena
sp.) were observed which was manifested in terms of significant enhancement in the
soil microbiological and plant growth/yield parameters in wheat pot experiments
(Nain et al. 2010). A comparative assessment of promising PGPR-cyanobacteria
interactions, based on our studies (Manjunath et al. 2011; Nain et al. 2010) under-
taken at the Division of Microbiology, Indian Agricultural Research Institute is
given in Table 10.1. Field level evaluation of these strains and testing under different
agro-climatic conditions is in progress to further evaluate their agronomic efficiency
and utility in integrated nutrient management of wheat crop.

Phosphate solubilising bacteria are common in rhizosphere; however, the ability
to solubilise P by no means indicates that a rhizospheric bacterium will constitute a
PGPR (Vessey 2003). For example, Cattelan et al. (1999) found only two among the
five rhizospheric isolates were positive for P solubilisation, and actually had a
positive effect on soybean seedling growth. Likewise, not all P solubilising PGPR
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Table 10.1 Influence of PGPR-cyanobacteria on biometric and microbiological parameters of
wheat crop

Crop Grain Dehydrogenase FDA
S.No.  Treatments biomass (%)* wt. (%)* (%)* (%)*
With 2/3 NPK (N, P, P )
1 A. oscillarioides + Providencia sp. 7.6 6.5 102.1 14.6
2 A. oscillarioides+Alcaligenes sp.  10.6 -5.8 76.2 2
3 A. torulosa+ Providencia sp. 33 5.7 89.3 22
With 1/2 NPK (NP P )
4 Bacillus sp.+ Brevundimonas 77.1 36.1 65.5 153.3
diminuta+Anabaena sp.
(PW1+PW7+CW3)
5 Bacillus sp.+ Calothrix 71.6 30.4 -23.6 126.6
sp.+Anabaena sp.
(PWI1+CW2+CW3)
6 Providencia sp.+ Brevundimonas ~ 38.5 25.5 -10.1 -6.6
diminuta+ Anabaena sp.
(PW5+PW7+CW1)

“Percent increase as compared to application of full dose of N , P K

increase plant growth by increasing P availability to these roots. De Freitas et al.
(1997) recorded a number of P solubilising Bacillus sp. isolates and a Xanthomonas
maltophilia isolate from Canola (Brassica napus L.) thizosphere which had positive
effects on plant growth but no effect on P content of the host plants.

De (1939) attributed the natural fertility of flooded rice field soil and its mainte-
nance to the process of biological nitrogen fixation by cyanobacteria. This was the
first report, which recognized the agronomic potential of cyanobacteria in India.
Watanabe and Roger (1984) demonstrated that the N fertility of soil is sustained
well through cyanobacteria under flooded condition than under dry land conditions.
The favourable conditions of rice fields for biological nitrogen fixation by such
cyanobacteria is considered to be one of the reasons for relatively stable yield of rice
under flooded conditions (Venkataraman 1972). They have been utilized mainly as
biofertilizers in agriculture and extensive reviews on their distribution in rice fields/
nitrogen — fixing potential exist, which reveal their generic, genetic and functional
diversity (Venkataraman 1972; Nayak and Prasanna 2007). A wide range of
N,-fixing cyanobacteria exists in rice field ecosystems (Watanabe and Roger 1984).
Nitrogen fixed by the symbiotic association of cyanobacteria (cyanobionts in Azolla)
is transferred to and used by various plant groups other than rice. The high fertilizer
(especially nitrogen) requirements make the use of biofertilizers imperative for
using cyanobacterial inoculants in integrated nutrient management practices for the
rice wheat cropping system. Nitrogen-fixing cyanobacteria are more widespread
among the filamentous, heterocyst forming genera (e.g. Anabaena, Nostoc).
However, there are also several well documented examples of dinitrogen fixation
among cyanobacteria not forming heterocysts (e.g. Trichodesmium). Under pre-
dominantly nitrogen limited conditions, but when other nutrients are available,
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nitrogen fixing cyanobacteria may be favoured and gain growth and reproductive
success. Cyanobacterial inoculation has shown to enhance growth, root associated
nitrogen fixation and yields of rice (Singh 1961; Roger et al. 1993; Mandal et al.
1998; Prasanna et al. 2003; Nayak et al. 2004). However, their role in plant growth
promotion, especially in relation to their functioning in the rhizosphere, has not
been explored in depth

10.4 Biocontrol Mediated by PGPR

Biological control offers an alternative, attractive approach, without the negative
impact of chemical control measures and has become an important approach facili-
tating sustainable agriculture, as biocontrol agents are easy to deliver, safe for the
applicator, non polluting, compatible with conventional and low-input agricultural
practices and activate plant resistance mechanisms like systemic /induced resistance
and in many cases, improve the plant growth and yield. Biocontrol of soil borne
diseases is particularly complex because these diseases occur in the dynamic environ-
ment i.e. thizosphere. The rhizosphere is typified by rapid change, intense microbial
activity, and high populations of bacteria compared with non rhizosphere soil. Plants
release metabolically active cells from their roots. It is the dynamic nature of the
rhizosphere that makes it an interesting platform for the diverse interactions that
lead to both disease and their biocontrol (Hawes 1991).

Fungal plant diseases are one of the major concerns to agricultural production.
They are one of the important causative agents of plant diseases and more than 60%
of the literature in plant diseases is devoted to the fungal infections. Almost all plant
pathogenic fungi spend part of their lives on their host plants and partly in soil or on
plant debris. Plant pathogens are represented in all the major groups of fungi and
symptoms caused by fungal diseases can be broadly classified as necrosis or death
of tissue (cf. anthracnose, blight, canker, dieback, damping off, scab, soft rots and
dry rots); wilting or drooping of leaves due to loss of turgor; hyperplasia or over-
growth (e.g. galls, witches’ broom); and hypoplasia: dwarfing and chlorosis. Plant
diseases need to be controlled to maintain the quality and abundance of food, feed,
and fibre produced by growers around the world. Different approaches are used to
prevent, mitigate or control plant diseases. Beyond good agronomic and horticultural
practices, growers often rely heavily on chemical fertilizers and pesticides. Such
inputs to agriculture have contributed significantly to the spectacular improvements
in crop productivity and quality over the past 100 years. However, the environmental
pollution caused by excessive use and misuse of agrochemicals, as well as fear-
mongering by some opponents of pesticides, has led to considerable changes in the
attitude of people towards the use of pesticides in agriculture. Consequently, some
pest management researchers have focused their efforts on developing alternative
biological inputs to synthetic chemicals for controlling pests and diseases.

A variety of biological controls are available for use, but further development and
effective adoption will require a greater understanding of the complex interactions of
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these agents with plants and the environment. Fungi and bacteria are the chief
biological agents that have been studied for the control of plant pathogens, particu-
larly soil-borne fungi. Biocontrol formulations, involving Trichoderma, fluorescent
Pseudomonads have been developed and successfully used at field with a number of
crops. In addition, viruses, amoebae, nematodes, and arthropods have been men-
tioned as possible biocontrol agents (Whipps and Mac Quilken 1993). The basis of
antibiosis as a biocontrol mechanism has become increasingly better understood
over the past two decades (Anjaiah et al. 2003). A variety of antibiotics have been
identified, including compounds such as amphisin, 2, 4-di acetylphloroglucinol
(DAPG), hydrogen cyanide, oomycin A, phenazine, pyoluteorin, pyrrolnitrin,
tensin, troplone, and cylic lycopeptides produced by pseudomonads, and oligomycin
A, kanosamine, zwittermicin A, Xanthobaccin produced by Bacillus and
Stenotrophomonas spp. (Kim et al. 1999).

The significance of cyanobacteria as producers of cyanotoxins and other novel
bioactive molecules is globally recognized (Kumar et al. 2005), however, their
chemical potential is less explored in agriculture, especially as biocontrol agents.
A number of cyanobacteria and eukaryotic algae produce various biologically active
compounds which have ecological roles as allelochemicals (Jaiswal et al. 2008b,
2010b; Kulik 1995; Prasanna et al. 2008a; 2010c; Chaudhary et al. 2010; Natarajan
et al. 2011), and could be employed for the commercial development of agents
with application as algicides, herbicides and insecticides. Welch (1962) reported
that filaments of Lyngbya majuscula when ground up and placed on filter paper disc
inhibited Candida albicans and Penicillium spp. It was also found to inhibit the
growth of Staphylococcus aureus, Bacillus subtilis and B. typhosus. De Caire et al.
(1987) evaluated the effect of cell free extracts of Nostoc muscorum on the growth
of Panicum miliarum in pots. They observed that the extract prevented an outbreak
of damping-off disease in their seedlings. De Mule et al. (1977) reported that culture
extracts of Nostoc muscorum inhibited the mycelial development of Cunnighamella
blakesleeana in a liquid culture.

Cyanobacteria produce a number of secondary metabolites exhibiting various
bioactivities such as inhibitory properties against microorganisms (bacteria,
cyanobacteria, algae, viruses and fungi) and toxicity to invertebrates and vertebrates.
These metabolites may be used for the development and application as algicides,
fungicides, herbicides and insecticides (Berry et al. 2008). They are also known to
excrete bioactive compounds into the environment, which are important determinants
of allelopathic activity in water and soil. Allelochemicals are secondary metabolites
or non — nutritional primary metabolites that affect growth, reproduction or behaviour
of individuals other than the ones producing them or influence the structure and
dynamics of populations or communities of either plants or animals or microbes.
Allelopathic chemicals play a role in the interactions between the emitter organisms
and their direct competitors or predators; they are categorized according to their
toxic stimulatory effect on several organisms, including some that may not be present
in their immediate environment. Allelopathic compounds include alkaloids, cyclic
peptides, terpenes and volatile organic compounds. Allelopathic compounds have
various modes of action, from inhibition of photosynthesis to oxidative stresses or
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cellular paralysis. Suikkanen et al. (2004) investigated the allelopathic effects of
three cyanobacterial species (Nodularia spumigena, Aphanizomenon flos-aquae and
Anabaena lemmermannii) that frequently form mass occurrences in Baltic Sea. They
exposed monocultures of three phytoplankton species (Thalassiosina weissflogii,
Rhodomonas sp and Prymnesium parvum) to cell free filtrates of the three cyanobac-
teria and quantified allelopathic effects with cell counts. All tested cyanobacteria
inhibited the growth of Rhodomonas sp. but none of them affected P. parvum. The
allelochemicals inhibited phytoplankton and epiphytes. Asthana et al. (2006)
extracted pharmaceutically important y-linolenic acid from Fischerella spp. using
chloroform and methanol (1:2) which also exhibited allelopathic activity.

Many cyanobacterial strains, belonging to genera — Microcystis, Anabaena,
Nostoc, Oscillatoria, Nodularia, Aphanizomenon, Cylindrospermum are known to
produce a number of cyclic peptide hepatotoxins and alkaloid neurotoxins exhibit-
ing algicidal, antifungal, pesticidal, cytotoxic, immunosuppressive and enzyme
inhibitory activities. In recent years, the number of reports trickling in, on the pro-
duction of antifungal compounds from cyanobacteria (Siddhanta and Shanmugam
1999) is on a steady increase. However, most reports on antifungal activity from
cyanobacterial compounds are with respect to their pharmaceutical applications. At
the global level, a few antifungal molecules derived from cyanobacteria have been
patented for agricultural use, but in India, research on this topic is scarce (Moore
et al. 1991). The extracts of cyanobacteria are known to reduce the incidence of
Botrytis cinerea on strawberries, Erysiphe polygoni (Powdery mildew) on turnips
and damping off in tomato seedlings (Kulik 1995; Manjunath et al. 2010a), besides
reducing the growth of saprophytes — Chaetomium globosum, Cunninghamella
blakesleeana and Aspergillus oryzae and plant pathogens such as Rhizoctonia solani
and Sclerotiana sclerotium. Their rapid growth rate and proliferation in diverse
environments — due to which they can be grown in mass culture, makes them suit-
able candidates for exploitation as biocidal agents of plant pathogenic bacteria and
fungi. Limited information on their use as biocontrol agent exist (Manjunath et al.
2010a; Tassara et al. 2008) in agriculture. However, the ecological information on
potential applications of such compounds is limited and a new approach is neces-
sary to evaluate the ecological implications of these secondary metabolites as bio-
cides as well as for other purposes. Furthermore, physicochemical properties that
control the production of these matabolites could be used to improve biosynthetic
approaches for commercial production. Eighteen new indole alkaloids with antifun-
gal and antibacterial activity, hapalindoles C-Q and T-V were isolated from
Hapalosiphon fontinalis by Moore et al. (1987). Moore et al. (1989) isolated and
identified six indole alkaloids from Hapalosiphon fontinalis which showed antifun-
gal activity. De Cano et al. (1990) found that phenolic compounds from the extracts
of cells of Nostoc muscorum checked the growth of Candida albicans and
Staphylococcus aureus. Moon et al. (1992) isolated a broad-spectrum fungicide
Calophycin from Calothrix fusca and identified to be a cyclic decapeptide. Its total
structure, including absolute stereochemistry was determined by a combination of
spectral and chemical studies including synthesis of unusual B-amino acid. This
compound was effective against Aspergillus oryzae, Candida albicans, Penicillium
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notatum, Saccharomyces cerevisiae and Trichophyton mentagrophytes. A diverse
range of compounds (indoles, alkaloids, peptides) have been isolated from different
cyanobacterial genera (Smitka et al. 1992; Pergament and Carmeli 1994). Volk and
Furkert (2006) evaluated the antifungal activity of two cyanobacterial strains of
Nostoc insulare and Nodularia harveyana against Candida albicans and the
extracellular extracts showed antifungal activity at 32—40 pg ml™' concentration.
Manjunath et al. (2010a) demonstrated the biocidal efficacy of fungicidal com-
pounds produced by cyanobacterium Calothrix elenkenii against damping-off disease
caused by Pythium aphanidermatum in solanaceous vegetable crops. Natarajan
etal. (2011) attributed the fungicidal activity of Calothrix elenkinii can be attributed
to the presence of 3-acetyl-2-hydroxy-6-methoxy-4-methyl benzoic acid. This is
the first time report of a benzoic acid derivative having fungicidal activity in
cyanobacteria.

The role of hydrolytic enzymes such as chitinases, exoglucanases is well estab-
lished in interactions involving pathogenic bacteria/fungi and plants. Among
several chitinolytic bacteria and fungi, Trichoderma spp. has received the most
attention as biological control agents of soilborne fungal pathogens. Several recent
studies reported the purification and characterization of chitinases and beta— 1, 3 —
glucanases produced by Trichoderma spp. and Talaromyces flavus and highlighted
their role in the mycoparasitism of soil borne pathogens such as Sclerotium rolfsi,
Rhizoctonia solani and Fusarium sp. (Harman et al. 1993). Prasanna et al. (2008a,
2010a) and Gupta et al. (2010) revealed for the first time, the activity and homologues
of hydrolytic enzymes in several Anabaena strains and their correlation with
fungicidal activity.

Hydrolytic enzymes such as chitinases and beta — 1, 3 glucanases, are one such
group of proteins, which have been purified and characterized from several plants/
bacteria/fungi (Yaboah et al. 1998). The excretion of hydrolytic enzymes is known
to be a common trait of plant pathogens/symbionts, which promotes a closer
association with plant roots/target organisms and improve the stability of such
associations. Chitinases are known to selectively degrade chitin by hydrolysis of the
B — 1, 4 — glycosidic bonds that link N -acetyl glucosamine residues of chitin and
form the basis for antifungal activity. Many species of bacteria, streptomycetes,
actinomycetes, fungi and plants produce chitinolytic enzymes (Nelson et al. 1986).
Bacteria from the genera Acromonas (Inbar and Chet 1991) and Serratia (Ordentlich
et al. 1988) and fungi from the genera Gliocladium and Trichoderma (Elad et al.
1982), all of which produce chitinolytic enzymes, have been shown to be potential
agents for the biological control of plant diseases caused by various phytopatho-
genic fungi. The chitinase produced by S. plymuthica C48 inhibited spore germina-
tion and germ-tube elongation in Botrytis cinerea. The ability to produce extracellular
chitinases is considered crucial for Serratia marcescens to act as antagonist against
Sclerotium rolfsii, and for Paenibacillus sp. strain 300 and Streptomyces sp. strain
385 to suppress Fusarium oxysporum f. sp. cucumerinum (Singh et al. 1999).
A variety of microorganisms also exhibit hyperparasitic activity, attacking patho-
gens by excreting cell wall hydrolases, which has been a subject of intensive research
in recent years. Several isolates of Enterobacter cloacae are known to be biocontrol
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agents for different rots and pre-emergence damping off of pea, beet, cotton and
cucumber plants incited by Pythium spp. as well as of Fusarium wilt of cucumber
and some other plant diseases caused by fungal pathogens (Nelson 1988) which
showed the complexity and diversity of the chitinolytic enzyme system, with its
complementary modes of hydrolyzing chitin. Some of the fluorescent pseudomonads
produce lytic enzymes (Chitinase, beta — 1, 3 — glucanase, and protease) which are
responsible for the lysis and hyperparasitism of antagonistic against deleterious
fungal pathogens. In these mechanisms, chitin, beta — 1, 3 — glucan and protein
components of the fungal cell wall are digested by these extracellular enzymes
which cause inhibition of plant pathogenic fungi and deleterious rhizobacteria with
a significant increase in root colonization and plant growth. Lim et al. (1991)
isolated a strain of Psuedomonas stutzeri that produced extracellular chitinase
and laminarase, which could digest the mycelia of Fusarium solani. A variety of
PGPR also exhibit hyperparastic activity attacking pathogens by excreting cell wall
hydrolases e.g. chitinase, laminarase, 1, 3 glucanase, protease etc. Application of
Pseudomonas, Paenibacillus as PGPR suppress the growth of pathogens- Fusarium
oxysporum, Sclerotium rolfsii and Pythium etc. due to production of lytic enzymes
(Chernin and Chet 2002).

With the growing realization that chemical based agriculture is unsustainable
and is slowly leading to ecological imbalance, the latter part of the last century wit-
nessed the emergence of the concept of “organic agriculture” advocating minimum
use of chemical fertilizer and increasing dependence on biological inputs like com-
post, farm yard manure, green manure and biofertilizers. In recent years, composts
amended container media have been investigated as a part of the integrated biological
control practices. This phenomenon has studied on wide range of pathogens such as
Pythium aphanidermatum, P. ultimum, Rhizoctonia solani, Fusarium oxysporium,
Sclerotium rolfsii, and Phytophthora cinnamori using compost originated from
waste material such as hardwood or pine bark municipal sludge grape marc or cattle
manures (Nelson and Hoitink 1983). By using composts, it is possible to cut back
on pesticides and inorganic fertilizers and reduce soil deterioration and erosion
associated with intensive farming systems. Compost tea is increasingly being used
as alternative plant disease control measure in commercial horticulture, especially
for range of foliar diseases (Scheuerell and Mahalfe 2004; Welt Zien 1991).
However, very less information is available on its use as soil drench or for seed coating
(Scheuerell and Mahalfe 2004). Earlier studies by Trankner (1992) showed that pea
seeds soaked in compost tea reduced disease symptoms caused by Pythium ultimum.
Commercial preparations of compost tea were found to suppress damping off of
cucumber in soil less container media (Scheuerell and Mahalfe 2004); however,
such preparations were produced from yard trimmings as blends using vegetative or
vermicompost or animal manures.

At The Division of Microbiology, Indian Agricultural Research Institute,
New Delhi, the efficacy of microbial antagonists’ (Anabaena strains = Bacillus
subtilis) amended paddy straw compost preparations for suppressing diseases
caused by plant pathogenic fungal consortium- (Fusarium oxysporum, Pythium
debaryanum, P. aphanidermatum and Rhizoctonia solani) were evaluated in tomato
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Fig. 10.2 Influence of different treatments on the growth of the Tomato seedlings challenged with
fungal consortium with (/) Chemical control (2) Biological control (3) Anabaena variabilis
amended compost (4) Unamended compost (5) Anabaena oscillarioides amended compost
(6) Anabaena oscillarioides amended compost formulation
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Fig. 10.3 Effect of compost formulations on disease severity (%) of fungal consortium challenged
tomato seedlings

(Dukare et al. 2011). Comparative performance of the fungi challenged and
control (uninoculated) treatments revealed the superiority of the compost formula-
tions in enhancing seed germination, seedling length and biomass (Fig. 10.2),
with 40-50% enhancement in plant parameters. The amended composts also led
to significantly better control in terms of 29-37% reduction in disease severity
(Fig. 10.3) over biological control (Trichoderma formulation) and chemical control
(Thiram-Carbendazim). Such biocontrol agents, which provide multiple benefits, may
provide useful options for improving afforestation practices and establishment of
plants in diverse inhospitable/barren habitats, besides their promise as multifaceted
bioinoculants in organic farming practices popular in present day agriculture.
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10.5 Indirect Traits Involved in Their PGP Activities

PGPR also indirectly enhance plant growth by different mechanisms. These include
the ability to produce siderophores that chelate iron, making it unavailable to patho-
gens; the ability to synthesize anti-fungal metabolites such as antibiotics, fungal cell
wall-lysing enzymes, or hydrogen cyanide, which suppress the growth of fungal
pathogens; the ability to successfully compete with pathogens for nutrients or
specific niches on the root; and the ability to induce systemic resistance.

Root colonisation is an important trait involved in the successful proliferation of the
inoculated strain. Root exudates and mucilage derived nutrients are known to attract
deleterious and beneficial bacteria, fungi and other organisms (Compant et al. 2010). It
is generally assumed that PGPR stimulation of plant growth requires the binding of the
bacterium to the plant root. The successful use of either rhizobial or PGPR inoculants in
agriculture depends upon the delivery of viable bacteria to the root zone which is most
frequently accomplished by inoculating seeds with a preparation of dormant bacterial
cells, by means of coated seed or bulk inoculants. Selected strains of PGPR are used as
seed inoculants (Sahin et al. 2004) and the colonization of roots by the bacteria possess-
ing several beneficial traits has been shown to promote and stimulate plant growth and
development (Sindhu et al. 1999). Such bacteria have been applied to a wide range of
agricultural crop species for the purpose of growth enhancement, including increased
seed emergence, plant weight, crop yields and disease control (Kloepper et al. 1980).

10.5.1 Production of Siderophores

Iron is an essential nutrient of plants, but it is relatively insoluble in soil solutions.
Therefore, availability of iron, one of the most important nutrient requirements for
growth of almost all plants; is extremely limiting in the rhizosphere. The predomi-
nant form of iron in aerated soils is ferric ion, which is sparingly soluble and the
concentration of iron is rather low, and insufficient to support microbial growth. To
survive in such an environment, organisms were found to secrete Fe binding ligands
called siderophores having higher affinity (K =10""to 10~°) to sequester iron from
the microenvironment (Neilands 1981). Siderophores are ferric ion specific ligands
of low molecular weight. The secreted siderophore molecules find most of the ferric
ion that is available in the rhizosphere; and as a result effectively prevent any patho-
gen in its immediate vicinity from proliferating because of lack of iron. It should be
noted that the plant host is unaffected by depletion of iron caused by PGPR. Plants
are able to grow at much lower iron concentration (~1,000 fold) than microbial
phytopathogens (O’ Sullivan and O’Gara 1992)

Kloepper et al. (1980) were the first to demonstrate the importance of siderphore
production as a mechanism for plant growth promotion and biological control of
pathogens. They demonstrated the siderophore mediated antagonism of Erwinia
carotovora by plant growth promoting fluorescent Pseudomonas strains and yield
increase in the case of potato, sugarbeet and radish. Evidence for siderophore mediated
PGPR model was further proved by the isolation of a fluorescent siderophore was
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isolated from PGPR Pseudomonas B10 strain (Kloepper et al. 1980, 1999). The soil
Pseudomonads generally produce fluorescent yellow-green water soluble sidero-
phore with both a hydroxamate and phenolate group (O’ Sullivan and O’ Gara
1992). These siderophores have been classified into two main types, pyoverdins
and pyochelins (Glick et al. 1998). A third siderophore type has been isolated from
P. fluorescence WCS374 called fluorebactin (Mercado-Blanco et al. 1977). Apart
from Pseudomonas, other genera include Bacillus, Rhizobium, Agrobacterium,
E. coli and many fungi which also produce a wide range of iron chelating compounds.
Numerous plants are capable of using bacterial — Fe siderophore complexes as a
means of obtaining iron from soil (Wang et al. 1993).

10.5.2 Antibiotics

One of the most effective indirect mechanisms of PGPR involves its ability to
synthesize antibiotics. Through the synthesis of antibiotics plant growth promoting
rhizobacteria can prevent the proliferation of many phytopathogens and thereby
enhance plant growth in the process. A variety of antibiotics have been identified
including compounds such as amphisin, 2,4-diacetylphloroglucinol (DAPG), hydro-
gen cyanide, oomycin A, phenazine, pyoluteorin, pyrrolnitrin, tensin, troplone
and cyclic lipopeptide produced by Pseudomonas and oligomycin A, kanosamine,
Zwrittermicin A and Xanthobaccin produced by Bacillus, Streptomyces and
Stenotrophomonas sp. (Compant et al. 2005). Inoculation with antibiotic negative
mutants in the rhizosphere, revealed no desirable activity, indicative of the signifi-
cance of antibiotic production for effective PGP activity (Haas and Defago 2005).

10.5.3 Detoxification and Degradation of Virulence Factor

Another mechanism of biological control is the detoxification of pathogen virulence
factors e.g. detoxification of allbicidin toxin produced by pathogen Xanthomonas
albilineans (Zhang and Birch 1996) as well as irreversible detoxification of albicidin
mediated by an esterase produced by Pantoea dispersa (Zhang and Birch 1996, 1997).
Recently, it has been discovered that certain PGPR quench pathogen quorum sensing
capacity by degrading auto-inducer signals, thereby blocking expression of several
virulence genes (Molina et al. 2003; Newton and Fray 2004; Dong et al. 2004).

10.5.4 Volatile Compounds

PGPR strains release a blend of volatile organic compounds (2, 3 butanediol and
acetone) that promote growth and induce resistance against pathogen (Ryu et al. 2004)
Hydrocyanic acid (HCN) produced by many rhizobacteria is postulated to play a
role in biological control of pathogens (Schippers 1988). HCN secreted by
Pseduomonas fluorescens strain CHAO has been demonstrated to stimulate root
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hair formation and suppress back root rot caused by Thielaviopsis basicola in
tobacco plant (Voisard et al. 1989). Howell and Stipanovic (1979) reported that
volatile compounds such as ammonia produced by Enterobacter cloacae are
involved in the suppression of Pythium ultimum induced damping off of cotton.

10.5.5 Induction of Systemic Resistance

Plant growth promoting rhizobacteria can suppress diseases through antagonism
between the bacteria and soil borne pathogens as well as by inducing a systemic
resistance in the plant against both root and foliar pathogens (Ramamoorthy et al.
2001; Compant et al. 2005). Rhizobacteria mediated induced systemic resistance
(ISR) has been demonstrated against bacteria, fungi and viruses in Arabidopsis,
bean, carnation, cucumber, radish, tobacco and tomato as evidenced by enhanced
defensive capacity upon challenge inoculation. Although some bacterial strains are
equally effective in inducing resistance in different plant species, others show speci-
ficity indicating specific recognition between bacteria and plants at the root surface.
Bacterial determinants of ISR include lipopolysaccharides, flagellin, siderophore
and salicyclic acid (Bakker et al. 2003). Bacterially produced salicylic acid medi-
ates induced systemic resistance (ISR) in plants and works as an antimicrobial agent
against various pathogens (Indiragandhi et al. 2008). Salicylic acid induces pheno-
typically similar systemic acquired resistance (SAR). Jasmonic acid and ethylene
signaling in the plant produced by rhizobacteria also induces ISR (Ton et al. 2002).
Most reports of PGPB mediated ISR involve the living rhizobacterial strains; but
endophytic bacteria have also been observed to have ISR activity. The bacterial
plant response induced after challenge with a pathogen resulted in the formation of
structural barriers such as thickened cell wall papillae due to deposition of cellulose
and the accumulation of phenolic compounds at the site of pathogen attack. (M’Piga
etal. 1997; Benhamou et al. 1998). Biochemical and physiological changes in plants
include induced accumulation of peroxidases, pathogenesis related proteins (PR
proteins); phenylalanine ammonia lyase, phytoalexins, polyphenol oxidases and/or
chalcone synthase. Recent evidence indicates that induction of some of these plant
defense compounds (e.g. chalcone synthase) may be triggered by the same N- acyl
homoserine lactones (HSL) that bacteria use for intraspecific signaling (Compant
et al. 2005). Such PGPR perform well against specific pathogens, insects and nematode
pests under field conditions (Ramamoorthy et al. 2001).

10.5.6 Promotion of Symbiosis/Enhancement of Legume

Nodulation

Free living rhizobacteria may also influence the symbiosis between microorganisms
and plants and thereby stimulate plant growth indirectly. Some PGPR can positively
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interact with various plant symbiotic microbes such as Rhizobium, Bradyrhizobium,
Frankia, Azospirillum and mycorrhizal fungi (Kloepper et al. 1987; Zahir et al.
2003; Figueiredo et al. 2008).

10.5.7 Soil Quality Improvement

Cyanobacteria are known to contribute to macro-aggregation and result in improved
resistance to soil erosion, because as primary producers, they contribute to the
enrichment of soil with SOM and to the improvement of biological activity (Acea
etal. 2003). Cyanobacterial EPS secretions are dominated by polysaccharides which
can bind soil particles (Belnap and Gardner 1993; Eldridge and Greene 1994;
Malam Issa et al. 2001), besides aiding in the protection of the cyanobacteria against
environmental conditions (De Winder 1990) and in assisting cyanobacterial motility
(Stal 1995). Inoculating soil with cyanobacteria has been reported to improve the
aggregation of the top soil (Rao and Burns 1990; Malam Issa et al. 2001) and to
increase water retention, and ecosystem regeneration (Eldridge and Greene 1994).
The potential positive effects of cyanobacteria, however, are not restricted to soil
physical properties. Soil inoculation with N, fixing cyanobacteria, has also been
shown to induce increases in SOC, total N and available nutrients in the topsoil.
Rogers and Burns (1994) demonstrated that inoculation of a poorly structured silt
loam soil with Nostoc muscorum led to a pronounced effect on soil chemical prop-
erties, with total C increasing by 50-63% and total N increasing by 111-120%. In a
laboratory experiment, Acea et al. (2003) also showed that soil inoculation with dif-
ferent cyanobacterial strains induced great microbial proliferation as well as high
increases in SOC and available nutrients, the efficacy of the treatment depending on
the type of soil. Observed increases in soil total N following cyanobacterial inocula-
tion is attributed to the ability of cyanobacteria to fix atmospheric nitrogen. Soil
inoculation with cyanobacteria with these attributes may therefore represent a simple
and low-cost method for improving the productivity of degraded lands in developing
countries where very little or no inorganic fertilizers are usually applied.

Cyanobacteria have the ability to aggregate bare areas of rocks and soil and play
an important role in revegetation in coastal and Usar soils (Singh 1950). Generally
Usar soil exhaust the productivity of soil and reclamation of such soils requires the
removal of ions using some chemical methods, followed by leaching which is
expensive and does not result in complete removal of the salts. Jaiswal et al. (2010a)
recorded the bioameliorating role of Nostoc calcicola and providing conducive
conditions for the growth of plants and microorganisms.

10.6 Conclusions and Future Perspectives

A large body of literature exists about rhizosphere interactions as they represent the
key to our better understanding of how to improve plant fitness and sustain soil
health. The root system, traditionally thought to provide anchorage and uptake of
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nutrients and water, is now well recognized as a metabolically active factory,
mediating numerous underground interactions through chemical dialogues with neigh-
bouring plants, microflora and microfauna. Future research needs to be undertaken
towards enhancing our understanding of ecology of PGPR, i.e. colonisation, niche
adaptation and interactions with diverse members of the rhizosphere. A combination of
recent technologies in the area of ‘omics’ such as proteomics, metabolomics, transcrip-
tomics and secretomics will allow us to strengthen our capability to visualize a com-
plete picture of these complex multispecies interactions. This can be effectively and
efficiently exploited through better predictions of how bacteria interact with plants,
whether they are likely to establish themselves in the plant rhizosphere after field
application as biofertilizers/biocontrol agents and help in engineering the rhizosphere
for greater agricultural benefits.
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Chapter 11
Regulation of Antibiotics Production
in Biocontrol Strains of Pseudomonas spp.

Sheela Srivastava, Vidusha Sinha, A. Vaishnavi, Tanvee Kunwar,
and Reena Sandhya Tigga

Abstract Pseudomonas are ubiquitous aerobic, gram-negative rod-shaped motile
bacteria. Their ability to survive in a variety of environments, and metabolic versa-
tility, make them organisms of choice to explore a metabolic function. Among the
myriad functions, their ability to suppress the pathogens (biological control) has
made them highly popular. Pseudomonas spp. produce a range of secondary metab-
olites including antibiotics, siderophores, and HCN, a function often hypothesized
to confer a selective advantage in the bacterial persistence in soil and the rhizosphere.
Secondary metabolite production is regulated through multi-tier mechanisms.
Feasibility of molecular genetic analysis and availability of genome sequences
make them attractive model system to study the antibiotic production and its regula-
tion. Secondary metabolism is regulated through various mechanisms acting at
transcriptional and post-transcriptional levels. The highly conserved GacA/GacS
two-component signal transduction is a universal global regulatory mechanism in
fluorescent Pseudomonas spp. Stationary-phase gene expression is interwoven with
this regulatory circuit, wherein stationary-phase sigma factor, RpoS is a central
regulator controlling the stress tolerance and environmental fitness of a strain.
A third pathway, consisting of small RNAs ensures secondary metabolism and bio-
control at post-transcriptional level. They scavenge small RNA binding proteins
thereby relieving the translational repression of the target genes. Several functions
and their regulatory network feed directly into the broad framework of quorum
sensing (QS). In Pseudomonads, identified regulatory elements of QS include the
RpoS, the GacS/GacA, and other two-component regulatory systems, the small
RNA-binding regulator and many others. The discovery of new regulators of QS
will help in elucidating the signal transduction mechanism in bacteria as a whole,
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and understanding the regulation of biocontrol function in Pseudomonads in
particular. This is a pre-requisite for predicting the optimal environmental conditions
for such bacteria to materialize their desired functions.

Keywords Antibiotics * Biocontrol ¢ Pseudomonas * GacA/GacS ¢ Regulation
* Quorum sensing ® Rhizosphere

11.1 Introduction

Disease suppressive soils are known to occur worldwide. In such soils, plants do not
suffer from some diseases, or the severity is lost, even when a pathogen may be
present (Haas and Defago 2005). The subsequent studies carried out on natural
disease suppression suggested that such soils may be inhabited by soil microorgan-
isms that act as pathogen antagonists. This led to the idea that such microorganisms
could be used as biocontrol agents. Extensive work carried out since then has identi-
fied a long and diverse list of bacteria such as Plant Growth Promoting Bacteria/
Rhizobacteria (PGPB/PGPR), that can serve this important ecological function. The
genetic dissection of these functions in many PGPR has led to successful applica-
tion of this environment-friendly technology both in the field as well as controlled
conditions (Lugtenberg and Kamilova 2009). Rhizosphere represents one of the
most complex ecosystems on Earth (Jones and Hinsinger 2008). Lorenz Hiltner is
recognized as the first scientist to coin the term “rhizosphere” in 1904, described it
as the layer of soil influenced by root metabolism, and is the site of unique interac-
tions between beneficial and pathogenic (‘uninvited guests’) microorganisms. These
microbes are attracted by root exudates, which can have a dramatic impact on plant
nutrition and plant health (Hartmann 2005).

The rhizosphere and its inhabiting microorganisms fulfil important ecological
functions, e.g. nutrient recycling, synthesis of useful biomolecules and bioprotec-
tion against pathogens, and thus are responsible for plant growth and health
(Sgrensen 1997). Additionally, this microenvironment is described as ‘microbial
hot-spot’ where diverse interactions between organisms, beneficial as well as patho-
genic, take place (Whipps 2001). The number and diversity of deleterious and ben-
eficial microorganisms are related to the quantity and quality of the rhizodeposits
and to the outcome of the microbial interactions that occur in rhizosphere (Somers
et al. 2004). Bacteria, which are highly competitive, for example, due to the produc-
tion of antibiotic substances, can colonize the rhizosphere better. Many rhizobacteria
like the fluorescent Pseudomonads and Streptomyces species (Fravel 1988;
Raaijmakers et al. 2002; Weller et al. 2002) produce an extended list of antibiotics.
Antibiotics produced by rhizobacteria include 2,4-diacetylphloroglucinol, pyrrolni-
trin, phenazine, pyoluteorin, and herbicolin A, all of which have also been detected
directly in the rhizosphere (Thomashow et al. 1997).

The occurrence and production of diverse antibiotic substances in the rhizosphere
explains the frequent detection of bacteria with multiple antibiotic resistances in
this microenvironment (Whipps 2001) and also explains the natural disease
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suppression. Understanding the processes that determine the composition, dynamics,
and activity of the rhizosphere microflora has attracted the interest of scientific com-
munity encompassing multiple disciplines and can be exploited for the development
of new strategies to promote plant growth and health (Tilak et al. 2005; Tilak and
Reddy 2006; Raaijmakers et al. 2009). Bacteria inhabiting the rhizosphere can have
aneutral, pathogenic or beneficial interaction with their host plant. In healthy plants,
the occurrence of pathogenic bacteria is low and can infact be controlled by the
plant defence system and plant beneficial bacteria enriched by the rhizosphere
conditions. The latter group comprises the PGPR, which influence plant growth by
producing phytohormones or enhancing the availability of nutrients, inducing
systemic resistance in plants, and truly antagonistic bacteria (Van Loon et al. 1998;
Whipps 2001). PGPR were first identified by the work of Kloepper and Schroth
(1978) who described them as soil bacteria that colonize the roots of the plants and
enhance the growth by several means. Root colonizing bacteria (rhizobacteria) that
exert beneficial effects on plant development by direct or indirect mechanisms have
thus been defined as plant growth promoting rhizobacteria or PGPR (Nelson 2004).
Among them are the strains from diverse genera such as Pseudomonas, Azospirillum,
Burkholderia, Bacillus, Enterobacter, Rhizobium, Erwinia, Serratia, Alcaligenes,
Arthrobacter;, Acinetobacter and Flavobacterium (Rodriguez and Fraga 1999).
The mechanism by which these PGPR promote growth of plants can be either:

1. Direct Mechanism (Biofertilizer and Biostimulator activity) or
2. Indirect Mechanism (Biocontrol activity).

Direct: Direct promotion of plant growth by PGPR generally entails providing a
compound to the plant that is synthesized by a bacterium or facilitating the avail-
ability of a nutrient and its uptake from environment. The rhizobacteria produces
the secondary metabolites, which are directly utilized by the plants thus promoting
plant growth (Bashan and de-Bashan 2005). There are several ways the PGPR may
directly facilitate the proliferation of their plant hosts.

They can:

» Fix atmospheric nitrogen and supply it to the plant.

» Synthesize phytohormones like auxins (IAA) that trigger plant cell growth and
proliferation.

* Solubilize minerals like phosphates in a form that can be used by the plant.

* Synthesize enzymes that can modulate plant hormone levels.

Indirect: The indirect stimulation of plant growth occurs when a beneficial microbial
strain prevents the growth of a phytopathogenic soil microorganism that could other-
wise interfere with the normal plant growth and development. This action is called
antibiosis and can be either due to the depletion of a scarce resource, required by the
pathogen, or to the production and release of a compound that impedes the growth of
the phytopathogenic organism (Mercado Blanco and Bakker 2007). Thus, the plant
growth promotion by beneficial bacteria through indirect mechanisms includes:

* Production of antibiotics that kill the phytopathogens i.e., biocontrol.
* Production of siderophores that limit the availability of iron to the pathogen.
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* Synthesis of other compounds like toxic lipodepsipeptides, hydrogen cyanide
HCN and enzymes that may lyse the fungal cell walls.
e Induction of systemic resistance (ISR).

Thus, while indirect mechanisms involve suppression of the deleterious effects of
phytopathogens on crop yield, direct mechanisms involve the utilization of microbial
functions/products by plants. PGPR strains are known to employ one or more of
these mechanisms in conjunction in the rhizosphere (Bashan and de-Bashan 2005).

Biological control of root diseases with microorganisms is a forward-looking
concept in the overall trend towards a more sustainable agriculture. Biocontrol
broadly refers to the use of a living organism to curtail the growth and proliferation
of another undesirable one. Rhizosphere inhabitants may provide a front line defense
against pathogen attack and are ideal for use as biocontrol agents. These bacterial
populations form microcolonies preferably at root regions where there are abundant
root exudates secreted by the plant and initiate the quorum sensing signals that help
in cell to cell communication. These signals are readily sensed by the signal specific
biosensors and henceforth help in better association of microbes to the plant. The host
plant root exudates and mucilage serve as a pool of sugars utilized by these bacteria
as the main carbon source. It has been shown that as much as 20% of the carbon
allocated to roots is deposited in the rhizosphere, for the benefit of these bacteria,
suggesting a highly evolved relationship between the plants and microorganisms in
the rhizosphere. Also this rhizodeposit is rich in other nutrients like amino acids and
polyamines (Singh et al. 2006; Raaijmakers et al. 2009; Choudhary et al. 2009).
Certain antimicrobial compounds are also produced by plant, which allow only
resistant organisms to populate. Association of many Pseudomonas strains with its
host plant roots has also been known to involve the O-antigen of lipopolysaccha-
rides. (Compant et al. 2005). Since these bacteria produce various biocontrol and
growth promoting agents in addition to host plant defense mechanisms, the plant
becomes defiant to parasites and phytopathogens creating a dynamic environment
in the rhizosphere that leads to biocontrol of diseases. Biocontrol microorganisms
may adversely affect the population density, dynamics (temporal and spatial) and
metabolic activities of soil-borne pathogens via mainly three types of interactions:
competition, antagonism, and hyperparasitism (Raaijmakers et al. 2009). A variety
of substances produced by biocontrol Pseudomonads have been implicated in the
mechanism(s) used by these organisms to limit the damage to plants by the phyto-
pathogens (Upadhyay and Srivastava 2008). These include siderophores, antibiot-
ics, other small molecules and a variety of enzymes. In the case of naturally
suppressive soils, the biocontrol effect has been attributed mostly to resident popu-
lations of beneficial root-colonizing bacteria and to their interaction with certain
soil edaphic factors (Cook and Baker 1983; Defago and Haas 1990; Defago and
Keel 1995).

During the past several years, numerous reports have illustrated the beneficial
plant growth-promoting effects of several rhizosphere-colonizing bacteria in pro-
tecting the plants from the deleterious effects of plant pathogens, but one group
which has gained immense importance constitutes the fluorescent Pseudomonads
(Weller 1988; Defago and Haas 1990; Cook 1993). These biocontrol, fluorescent
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Psuedomonas spp. have been broadly studied for their ability to reduce the development
of various soil-borne plant pathogens because many strains may trigger systemic
resistance in host plants and produce antifungal compounds and exoenzymes.
Members of the genus Pseudomonas are rod-shaped Gram-negative bacteria char-
acterized by extensive metabolic versatility, aerobic respiration (some strains also
have anaerobic respiration), motility owing to one or several polar flagella, and a
high genomic G+C content (59-68%) (Dubuis et al. 2007; Palleroni 2008). Many
Pseudomonads are known to live in a commensal relationship with plants, thriving
on root exudates secreted from plant surfaces. Pseudomonads have an exceptional
capacity to produce a wide variety of metabolites, including antibiotics that are
toxic to plant pathogens (Raaijmakers et al. 2002; Haas and Keel 2003).

Pseudomonads possess many traits that make them well suited as biocontrol and
growth-promoting agents, (Weller 1988). These include the ability to (i) grow rapidly
in vitro and to be mass produced; (ii) rapidly utilize seed and root exudates; (iii) colonize
and multiply in the rhizosphere and spermosphere environments and in the interior of
the plants; (iv) produce a wide spectrum of bioactive metabolites (i.e., antibiotics,
siderophores, volatiles, and growth-promoting substances); (v) compete aggressively
with other microorganisms; and (vi) adapt to environmental stresses (Weller 2007).

The production and activity of bacterial metabolites involved in pathogen
suppression is significantly affected by environmental conditions that prevail in the
rhizosphere. The environmental factors include climate, local weather conditions,
soil characteristics, or the composition or activity of the indigenous microbial flora
of the soil. Signals that influence the expression of biocontrol traits in Pseudomonads
can emanate from the biocontrol bacteria themselves, as well as from other soil
bacteria or fungi, or from host plants. To achieve the maximum growth promoting
function of PGPR, it is important to understand how the rhizobacteria exert their
effects on plant and whether the effects are altered by various environmental factors,
including the presence of other micro-organisms (Bent et al. 2001; Dubuis et al.
2007). The research over the last decade has resulted in the introduction of several
well-characterized Pseudomonas spp. that helps in understanding regulation and
organization of the biosynthesis gene clusters involved in the production of antibiot-
ics. Pseudomonas spp., as a model PGPR system, have thus been extensively studied
as effective biocontrol agents against a wide range of phytopathogenic fungi.
The better understanding of the regulation of antibiotics production is likely to
result in the development of PGPR with improved reliability and efficacy. Moreover,
molecular communication between different genera and species of PGPR might
help in the selection of compatible strains to be released under field conditions
(Fernando et al. 2005).

11.2 Production of Antibiotics by Pseudomonas spp.

Pseudomonas fluorescens are known for their biological control capabilities against
soil-borne pathogens, aggressive root colonization, efficient rhizosphere compe-
tence, and production of a range of useful secondary metabolites. Most biocontrol
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strains of Pseudomonas spp. with a proven effect in plant bioassays produce one or
several antibiotic compounds that are unrelated to typical siderophores. Antibiotics
are secondary metabolites produced by microorganisms and it has been speculated
that they do confer some competitive advantage to the producer (Katz and Demain
1977), such as improved colonization of the plant surfaces and therefore niche
exclusion of the pathogen (Mazzola et al. 1992) or have more subtle effects as well
as direct antagonism (Dowling and O’Gara 1994). Interaction of PGPR with host
plants is an intricate and interdependent relationship that involves not only the two
partners but also other biotic and abiotic factors of the rhizosphere region (Dutta and
Podile 2010). The production and activity of bacterial metabolites involved in
pathogen suppression may be significantly affected by environmental conditions
that prevail in the rhizosphere. For example, the available sources of carbon, nitro-
gen and micronutrients, temperature, and availability of oxygen can all influence the
functions of biocontrol strains. The biocontrol abilities of such strains depend essen-
tially on aggressive root colonization, induction of systemic resistance in the plant,
and the production of diffusible or volatile antifungal antibiotics. Evidence that
these compounds are produced in situ is based on their chemical extraction from the
rhizosphere and on the expression of antibiotic biosynthesis genes in the producer
strains colonizing plant roots. In vitro, these antibiotics inhibit fungal pathogens, but
they can also be active against many bacteria and, in some cases, against nematodes
(Haas and Défago 2005; Upadhyay and Srivastava 2010). Well-characterized anti-
biotics with biocontrol properties include phenazines and its different derivatives,
2,4-diacetylphloroglucinol, pyoluteorin, pyrrolnitrin, lipopeptides, and hydrogen
cyanide (Haas and Keel 2003). The list of the antibiotics produced by PGPR is
growing steadily and besides the more common ones, described above, include
oomycin A, viscosinamide, butyrolactones, kanosamine, zwittermycin-A, aerugine,
rhamnolipids, cepaciamide A, ecomycins, pseudomonic acid, azomycin, antitumor
antibiotics FR901463, cepafungins and antiviral antibiotic karalicin etc. These
antibiotics are known to possess antiviral, antimicrobial, antihelminthic, phytotoxic,
antioxidant, cytotoxic, antitumour and plant growth promoting activities (Fernando
et al. 2005). The modes of action of many of these secondary metabolites are only
partly understood.

The first clear-cut experimental demonstration that a Pseudomonas antibiotic
can suppress plant disease in an ecosystem was made by Thomashow and Weller
(1988). They identified a phenazine, phenazine-1-carboxylic acid (PCA), as a bio-
control factor produced by P. fluorescens 2—79. Phenazines are heterocyclic com-
pounds that are colorful diffusible bacterial metabolites produced naturally and
substituted at different points around their rings in different bacterial species. A number
of naturally-occurring, broad spectrum, colored phenazines have been reported in
different studies. Pseudomonas aureofaciens produces the orange and brick-red
phenazine compounds 2-hydroxyphenazine-1-carboxylic acid and 2-hydroxyphenazine
(Pierson and Thomashow 1992; Delaney et al. 2001). Pseudomonas fluorescens are
typically known to produce yellow compound phenazine-1-carboxylic acid (PCA).
A cherry-red colored phenazine compound, from P. fluorescens Psd has been identi-
fied in the study by Upadhyay and Srivastava (2008).



11 Regulation of Antibiotics Production... 203

One of the primary factors governing phenazine production is population density,
and in P. aeruginosa this dependency is affected by at least three quorum-sensing
systems (Whiteley et al. 1999; Deziel et al. 2004). The dependence of phenazine
biosynthesis on cell density has also been demonstrated for many biocontrol
Pseudomonads, and in these species it is mediated by a seemingly less complex
quorum-sensing network. At the transcriptional level, phenazine biosynthesis is
controlled by the PhzR-PhzI quorum sensing system (Pierson et al. 1994; Chin-A-
Woeng et al. 2001; Khan et al. 2005; Dubuis et al. 2007). However, in addition to
being regulated by cell-cell communication, phenazines themselves can act as inter-
cellular signals (Price-Whelan et al. 2006; Dubuis et al. 2007). The environmental
factors that affect the regulation of phenazine biosynthesis include oxygen, iron and
phosphate concentration, nature of the carbon and nitrogen source and amino acids
availability (Van Rij et al. 2004; Price-Whelan et al. 2006). Pseudomonas chlororaphis
PCL1391 produces the secondary metabolite phenazine-1-carboxamide (PCN),
which is an antifungal metabolite required for biocontrol activity of the strain.
Decreasing the pH from 7.0 to 6.0 or decreasing the growth temperature from 21°C
to 16°C decreased PCN production dramatically. In contrast, growth at 1% oxygen
as well as low magnesium concentrations increased PCN levels. Salt stress, low
concentrations of ferric iron, phosphate, sulphate, and ammonium ions reduced
PCN levels. Different nitrogen sources also greatly influenced PCN levels. In
Pseudomonas spp., the phenazine biosynthetic pathway branches off from shikimic
acid of aromatic amino acid biosynthesis pathway, which is also the source for
metabolites such as, siderophores and quinones (Dewick 1984; McDonald et al.
2001; Vandenende et al. 2004). The increase in PCN level was found to be between
8- and 23-fold after the addition of the aromatic amino acids phenylalanine, tyrosine,
and tryptophan. Fusaric acid, a secondary metabolite produced by the soi-borne
fungus Fusarium spp., also reduced PCN levels. A phenazine regulator, RpeA
(repressor of phenazine expression) was shown to regulate PCN production in
minimal medium, but not in complex medium (Whistler and Pierson 2003).

Phenazine production may not be regulated in the same way in various
Pseudomonas spp. Although the results obtained for one strain is difficult to
compare with others because of different culture conditions which, can have an
enormous impact on phenazine production. There are some striking similarities and
differences between the results in literature. The production of phenazine-1-carboxylic
acid (PCA) by P. fluorescens 2—79 (Slininger and Shea-Wilbur 1995) and PCN pro-
duction by P. aeruginosa (Kanner et al. 1978) and P. chlororaphis PCL1391 (Van
Rij et al. 2004) were found to be stimulated by glucose and glycerol. This suggests
a similar response of phenazine-producing Pseudomonads to these carbon sources.
As in PCL1391, phenazine production in P. aeruginosa also is regulated by nitrogen
sources in that NH,* supported a higher production of PCN than urea, asparagine, or
peptone (Kanner et al. 1978). PCA production by P. fluorescens 2—79 was not found to
be affected by different nitrogen sources (Slininger and Shea-Wilbur 1995). As in strain
PCL1391, aromatic amino acids stimulated phenazine production in P. aureofaciens
517 (Labeyrie and Neuzil 1981); in P. aeruginosa A237, only tyrosine and phenyla-
lanine were reported to stimulate PCA production (Korth 1973). The pH optimum
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for PCN production in PCL1391 differed from that in P. fluorescens 2—79, in which
the optimum is pH 7.0, with only a small reduction at pH 6.0, and a severe reduction
at pH 8.0 (Slininger and Shea-Wilbur 1995). Similar to strain PCL1391, Fe** and
magnesium ions had a positive effect on the production of PCA in P. fluorescens
2-79 (Slininger and Jackson 1992). An examination of the relationship between
iron availability and the regulation of phenazine biosynthesis, however, presents a
complicated picture that neither refutes nor supports a role for these compounds in
iron acquisition. Although in many cases, it has been reported that phenazine pro-
duction is enhanced in iron-deprived cultures, other studies have demonstrated a
requirement for iron in media optimized for phenazine biosynthesis (King 1954;
Cox 1986; Van Rijj et al. 2004). The production of pyocyanin, a phenazine derivative
produced by P. aeruginosa, is stimulated by low phosphate concentrations (Turner
and Messenger 1986), which is different from PCN production in PCL1391. From
these comparisons among Pseudomonas strains, we can conclude that some envi-
ronmental factors have similar effects whereas others may have opposite effects in
different strains.

Pyrrolnitrin and phenazine are known to be most diverse antibiotics with broad-
spectrum antifungal activities. They have been described to be involved in suppres-
sion of seedling diseases (Kirner et al. 1998; Mavrodi et al. 2006; Upadhyay and
Srivastava 2010). The ability of biocontrol bacteria to produce pyrrolnitrin
[3-chloro-4- (29-nitro-39-chlorophenyl)-pyrrole] has been correlated with biocontrol
activity of fungal plant pathogens (Howell and Stipanovic 1979). Pyrrolnitrin (Prn)
and its production by Pseudomonas species was first described by Arima et al.
(1964). Pyrrolnitrin is a tryptophan-derived secondary metabolite produced by a
narrow range of gram-negative bacteria. Pyrrolnitrin biosynthesis by rhizobacteria
presumably has a key role in their life strategies and in the biocontrol of plant
diseases. Pyrrolnitrin, described as an inhibitor of fungal respiratory chains (Tripathi
and Gottlieb 1969) has been used as an antimycotic topical antibiotic in human
medicine. Synthetic analogues of pyrrolnitrin have been developed for use as
agricultural fungicides (Ligon et al. 2000).

Among the various extracellular metabolites produced, the polyketide antibiotic,
2,4-diacetylphloroglucinol (Phl or DAPG) is of prime importance in plant protection.
Interestingly, Phl is known to positively controls its own biosynthesis (Haas and
Keel 2003; Fernando et al. 2005). It is a phenolic molecule and a broad-spectrum
antibiotic produced by many fluorescent Pseudomonads that exhibits antifungal,
antibacterial, antihelmenthic and phytotoxic activitites (Mavrodi et al. 2001).
Phloroglucinol from P. fluorescens CHAOQ has been demonstrated earlier as a key
component in biological control of take-all disease of wheat by Gaeumannomyces
graminis tritici, and black root rot of tobacco caused by Thielaviopsis basicola.
DAPG from P. fluorescens F113 can prevent damping off in sugarbeet caused by
Pythium ultimum (Raaijmakers and Weller 1998; Picard et al. 2000). Many biotic
and abiotic factors influence the expression of DAPG gene. Biotic factors such as
plant species, plant age, cultivar and pathogens alter the expression of the gene phlA
(Notz et al. 2001). DAPG production is also influenced by abiotic factors such as
carbon sources and various minerals. While iron (Fe**) and sucrose increases DAPG
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production in P. fluorescens F113, glucose has similar stimulatory effect on DAPG
production in P. fluorescens Pf-5 and CHAO (Nowak-Thompson et al. 1994; Duffy
and Defago 1999). In P. fluorescens strain S272, highest DAPG yield was obtained
with ethanol as the sole source of carbon. Micronutrients Zn*, Cu** and Mo?* stimu-
lated DAPG production in P. fluorescens CHAO (Notz et al. 2001).

Pyoluteorin (PIt) is a phenolic polyketide with resorcinol ring. It was first
isolated from P. aeruginosa (Takeda 1958) followed by P. fluorescens Pf-5 and
CHAO (Bencini et al. 1983; Bender et al. 1999). PIt has bactericidal, herbicidal and
fungicidal properties. Application of PIt to cotton seeds suppressed damping-off
disease (Howell and Stipanovic 1980).

DAPG acts as a signal molecule to trigger the gene expression in the related
species of Pseudomonas. But at the same time, the presence of antibiotic like
pyoluteorin suppresses the expression and production of DAPG by fluorescent
Pseudomonads. Though DAPG and pyoluteorin belong to the same class, namely
polyketides, the expression of one type suppresses the other. Apart from it, the com-
munication and interaction of soil-borne pathogens with PGPR also may suppress
the expression of the gene in fluorescent Pseudomonads for the production of DAPG
(Fernando et al. 2005).

Some of the antibiotic metabolites have remarkably diverse functions, besides
their toxic activity. DAPG, PLT, and phenazines can function as signal molecules
that affect gene expression not only in the producer bacteria, but also in other organ-
isms (Schnider-Keel et al. 2000; Maurhofer et al. 2004; Brodhagen et al. 2004;
Baehler et al. 2005; Dietrich et al. 2006; Price-Whelan et al. 2006). DAPG has been
described as an inducer of systemic plant resistance (Iavicoli et al. 2003; Weller
et al. 2007) and as a stimulant of amino acid exudation from roots (Phillips et al.
2004). Phenazines, in their reduced form, might enable the producing bacteria to
mobilize micronutrients such as iron (Fe**) from the rhizosphere environment
(Hernandez et al. 2004; Price-Whelan et al. 2006). Besides these antibiotics, plant
beneficial Pseudomonads are also known to produce HCN, and cyclic lipopeptides.
These compounds are important as they can make major contribution to biocontrol
of root diseases. HCN is a general inhibitor of metalloenzymes and particularly
affects the terminal oxidases. Cyclic lipopeptides as surfactant influence the surface
motility of the producer organisms and at the high concentrations are detrimental to
the integrity of the phospholipid membranes (Raaijmakers et al. 2006; Dubuis et al.
2007). Comprehensive list of secondary metabolites that are involved in biocontrol
have been compiled in Table 11.1.

11.3 Regulatory Mechanisms for Antibiotic Production
in Biocontrol PGPR - Pseudomonas spp.

Biosynthesis of different antibiotics by P. fluorescens strains varies and has a strong
genetic basis necessitating the characterization of different strains. The biosynthetic
pathways involved in their production, as well as regulation and the signals involved
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therein have received extensive attention in different studies/reports. Various studies
are providing new insights into the complex regulatory network controlling impor-
tant biocontrol traits. The Pseudomonads are ubiquitous bacteria found in diverse
environments, and as a consequence they exhibit versatile nutritional and metabolic
capabilities. Rapid detection of, and adaptation to, environmental conditions that
can change swiftly are essential for efficient growth, colonisation and survival. At
the genetic level such adaptive mechanisms can operate at the transcriptional, trans-
lational and post-translational levels, and global gene regulatory networks may
incorporate elements operating at any or all of these levels.

Antibiotics production by these bacteria plays an important ecological role and it
is not surprising to find a multi-tier regulatory network controlling this function.
Signal transduction pathways coupling the sensing of an environmental signal to
modulation of the expression of the relevant target genes frequently involve the use
of two-component systems, consisting of sensor histidine kinases coupled to their
respective response regulators (Perraud et al. 1999; Pirrung 1999; Hoch 2000; Stock
et al. 2000). Thus, the global regulators known to control antibiotic production by
Pseudomonas spp. includes a two-component regulatory system comprising the
sensor kinase GacS (previously called ApdA or LemA) and GacA, a member of the
FixJ family of response regulators. The stationary-phase sigma factor c* is another
global regulator of antibiotic production in P. fluorescens (Whistler et al. 1998) as
also the quorum sensing (Haas and Keel 2003).

Within the regulatory hierarchy of Pseudomonas spp. biocontrol traits, the top
controlling mechanismis likely the GacS/GacA two-component system. Downstream
to this one, Quorum Sensing (QS) systems and RNA-binding proteins (such as
RsmA or RsmE) and small regulatory RNAs would play leading roles in the GacS/
GacA signal transduction pathway (Haas and Keel 2003). The rpoS encodes the
sigma-38 transcription factor that regulates the expression of genes during times of
starvation and stationary growth.

11.4 Mechanism of Two-Component Regulatory System

Two-component regulatory systems in bacteria are responsible for sensing and
responding to environmental stimuli. This widely conserved system of Gram-
negative bacteria regulates the formation of extracellular biocontrol factors or
pathogenicity factors, depending on the species. It comprises the sensor kinase,
GacS, and its response regulator, GacA, and is involved in regulation of secondary
metabolism and many other aspects of bacterial physiology (Haas and Keel 2003;
Workentine et al. 2009). The GacS/GacA two-component regulatory system is
found in many Gamma-proteobacteria and although the signal it responds to is yet
to be determined, this system regulates a wide variety of physiological processes
(Haas and Defago 2005). The GacS/GacA system has been studied primarily in
Pseudomonads, particularly P. aeruginosa for its role in virulence, quorum sensing,
and biofilm formation (Parkins et al. 2001; Goodman et al. 2004; Kay et al. 2006;
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Ventre et al. 2006) and P. fluorescens for its role in the production of biological
control factors (Haas and Defago 2005).

Gac is an acronym for global activator of antibiotic and cyanide synthesis. The
sensor kinase gene gacS, also called apdA, lemA, repA, or pheN (Corbell and Loper
1995; Kitten et al. 1998), was first described in P. syringae pv. syringae strain B728a
as an essential factor for lesion manifestation by this pathogenic strain on bean
leaves (Hrabak and Willis 1992; Kitten et al. 1998). The response regulator, GacA
was first described in P. fluorescens biocontrol strain CHAO as a global activator of
antibiotic and cyanide production (Laville et al. 1992). In both P. aeruginosa and P.
fluorescens, the GacS sensor kinase, on perceiving a signal, is assumed to autophos-
phorylate a conserved histidine residue and transfer this phosphate through a tripar-
tite mechanism to the cognate response regulator, GacA (Workentine et al. 2009).
Evidence that GacS and GacA are partners of a two-component system was first
obtained genetically in P. syringae pv. syringae (Rich et al. 1994) and subsequently
confirmed for several other bacteria (Whistler et al. 1998; Aarons et al. 2000; Ligon
et al. 2000; Bull et al. 2001; Pernestig et al. 2001).

It is suggested that the GacS/GacA system operates a switch between primary
and secondary metabolism, with a major involvement of post-transcriptional control
mechanisms. GacS senses a still-unknown signal and activates, via a phosphorelay
mechanism, the GacA transcription regulator, which in turn triggers the expression
of target genes (Heeb and Haas 2001). The GacS sensor kinase has an autophospho-
rylation domain (phosphoryl transmitter) around His-294, a phosphoacceptor
domain (a receiver) around Asp-717 and a histidine phosphotransfer (Hpt, output
domain) around His-863 (Perraud et al. 2000). These sequences are proposed to
interact with each other when an environmental signal triggers the activation of the
protein, inducing a conformational change of the cytoplasmic C-terminal part and
thereby favoring autophosphorylation (Williams and Stewart 1999; Robinson et al.
2000). On interaction with bacterial signal molecules, GacS is autophosphorylated
at His-294 and initiates a phospho-relay mechanism transfering a phosphate residue
to the acceptor domain at Asp-717, and then to a Hpt domain at His-863. The Hpt
domain acts as a secondary transmitter by transferring the phosphoryl group to a
conserved aspartate (Asp-54) of response regulator, GacA. Phosphorylated GacA is
the key regulator of several gene functions including the biocontrol traits (Haas and
Keel 2003; Zuber et al. 2003; Lapouge et al. 2008) (Fig. 11.1).

The activation of the sensor kinase, GacS requires a signal, whose nature though
is unidentified, may be as diverse as abiotic (e.g. pH, temperature, or osmolarity) or
biotic. While some signals may be produced by the host, the others are synthesized
by the resident population itself including biocontrol and other microorganisms
(Raaijmakers and Weller 1998; Heeb and Haas 2001; Haas and Keel 2003; Dubuis
et al. 2007). In the latter case, the signals may be produced in coordination with the
cell density of the population and thereby ensuring regulatory mechanisms com-
monly known as quorum sensing (Bassler 1999; Pirrung 1999; Rice et al. 1999;
Hoch 2000; Holden et al. 2000; Stock et al. 2000). The chemical nature of signal
molecules that activate the GacS/GacA cascade in bacteria has not been identified
nor are the signal biosynthesis genes known. In both P. fluorescens CHAO and
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Fig. 11.1 Overview of the Gac/Rsm signal transduction pathway in Gamma-proteobacteria
(Adapted from Haas and Keel 2003; Lapouge et al. 2008)

P. aeruginosa PAOL1, the signals activating the GacS/GacA cascade are produced
at high cell population densities and are under positive GacA control (Kay et al.
2005, 2006). Acyl homoserine lactones (AHLs), as described later, are not the only
QS signals that different species or genera of microorganisms can share to estab-
lish a cross-talk (Riedel et al. 2001). A survey of beneficial and pathogenic plant-
associated Pseudomonads, as discussed later, reveals that many species produce
and release signal molecules activating the Gac/Rsm cascade in P. fluorescens and
that this signal activity does not always correlate with AHL production (Dubuis
et al. 2007).

In a biocontrol system, phosphorylated GacA then activates — directly or
indirectly — the transcription of the three small RNA genes, rsmX, rsmY, rsmZ.
Overexpression of these small RNAs is believed to titrate translational repressors
like RsmA and RsmE, thereby relieving the translational repression exerted by these
proteins at, or near, the ribosome binding site (RBS) of the target mRNAs (for
example, those of the antibiotic biosynthesis genes icn (hydrogen cyanide, HCN),
phl (2,4-diacetylphloroglucinol, DAPG), and plt (pyoluteorin, PLT)) and making
them accessible for translation (Heeb and Haas 2001; Haas and Keel 2003; Haas
and Défago 2005; Lapouge et al. 2008).The GacA/Rsm signal transduction pathway
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operates at post-transcriptional level, unlike transcriptional level control by
AHL-dependent signal transduction pathway. The former is also known to favour
biofilm mode of growth (Dubuis et al. 2007).

11.5 Small Regulatory RNAs (sRNA)

Regulatory RNAs or riboregulators are small, untranslated or non-coding transcripts
which regulate gene-expression of target genes at post-transcriptional level. These
can be grouped into two classes:

1. One that displays antisense base-pairing activity, thereby, regulating mRNA
translation or stability. DsrA (87 nt) and RyhB (90 nt) are two such examples in
E.coli.

2. Second that antagonize small, regulatory, mRNA-binding proteins of the CsrA
(for carbon storage regulator in E.coli) family. By binding to the leader region
of target mRNA they block translation and destabilize the mRNA. RsmA (for
regulation of secondary metabolism), is the CsrA homolog in the biocontrol
organism, P. fluorescens CHAO. Such translational repression can be alleviated,
as described below, by the action of the small regulatory RNAs, whose expres-
sion is controlled by the GacS/GacA system in response to signal molecules
produced by CHAO at the end of exponential phase (Heeb et al. 2002; Valverde
et al. 2003, 2004).

Phosphorylated GacA positively activates a regulatory network which acts post-
transcriptionally and involves the three small regulatory RNA called, RsmX, RsmY,
and RsmZ. The activation involves the binding of GacA to a conserved upstream
sequence (UAS) in the promoter. This 18 bp palindromic UAS generally occurs in
the promoters of GacA-activated SRNA genes not only in the biocontrol strains but
also in a variety of Gamma-proteobacteria (Humair et al. 2010). In P. fluorescens
CHAO, a poorly conserved linker region located between the UAS and -10
promoter sequence is also essential for GacA-dependent expression. In addition, the
integration host factor (IHF) also binds to the rsmZ promoter region. These studies
suggest that besides UAS, auxiliary transcription factors and DNA binding play an
important role in regulated expression of small RNAs (Humair et al. 2010). This
highly complex regulatory network is a part of quorum sensing in many Gamma-
proteobacteria. In many Pseudomonads, the Gac/Rsm system controls the produc-
tion of N-acyl-homoserine lactones (Chin-A-Woeng et al. 2005; Kay et al. 2006).
Once formed these regulatory RNAs are known to interact with RNA binding pro-
teins or repressor proteins, RsmA and RsmE in P. fluorescens CHAO and thus,
jointly execute post-transcriptional regulation of biocontrol factor synthesis (Kay
et al. 2005; Reimann et al. 2005; Burrowes et al. 2006; Valverde 2009). These RNAs
share one feature in that they scavenge small RNA-binding proteins termed RsmA
and RsmE in P. fluorescens and CsrA in E. coli (Haas and Keel 2003), thereby
relieving the translational repression of the target genes. These translational repres-
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sor proteins (~7 kDa) are strongly conserved in Pseudomonads, enterics, and other
bacteria and act by obstructing the access to the Shine-Dalgarno sequences of target
mRNAs. Expression/over-expression of regulatory RNAs, therefore, titrate these
translational repressors (Pessi et al. 2001; Haas and Defago 2005) thereby freeing
the ribosome binding site (RBS) of target mRNA, e.g. those of the antibiotic biosyn-
thesis genes hcn, phl (2,4-diacetylphloroglucinol), and plt (pyoluteorin), making
them accessible for translation.

In biocontrol strains grown in vitro, the GacS/GacA system is activated during
the idiophase coinciding with the time when RsmY and shortly afterwards, RsmZ
are maximally produced. RsmX later discovered from P. fluorescens CHAO forms
a triad of GacA-dependent small RNAs all involved in the regulation of antibiotics
production (Kay et al. 2005; Valverde 2009). Though the overall sequence homol-
ogy between RsmX, RsmY, and RsmZ is not significant but their structure shows
5-7 hairpins consisting of trinucleotide motif GGA exposed in the unpaired region.
These GGA motifs are essential for recognition and binding of RsmA and RsmE;
the deletion of five GGA repeats in RsmY results in the loss of recognition (Valverde
et al. 2004; Valverde 2009; Lapouge et al. 2008).

The hcnABC operon responsible for the biosynthesis of the biocontrol factor
HCN is positively regulated by GacA. Extensive studies on RsmY sRNA and
5’leader of hcnA mRNA have identified the critical contact points between these
RNAs and the RsmA/RsmE proteins in P fluorescens (Valverde et al. 2004; Lapouge
et al. 2007). The hcnA 5’ leader has five GGA motifs, of which most distal GGA
motif overlaps the SD sequence. These studies have shown that RsmA/RsmE/CsrA
proteins bind to the latter and strong binding is further favoured by the additional
GGA motifs in the 5’leader of mRNA. These interactions hinder ribosome access to
mRNA and thus translation initiation as well. GacA controlled sSRNAs prevent this
translational blockade by virtue of their multiple GGA motifs (Lapouge et al. 2008).

Furthermore, Irie et al. (2010) showed that psI mRNA (Psl polysaccharides are
critical for biofilm formation) has an extensive 5’ untranslated region, to which the
post-transcriptional regulator, RsmA binds and represses ps/ translation. Their
observations suggested that upon binding RsmA, the region spanning the ribosome
binding site of ps/ mRNA folds into a secondary stem-loop structure that blocks the
Shine-Dalgarno (SD) sequence, preventing ribosome access and protein translation.
This constitutes a novel mechanism for translational repression by this family of
regulators. RsmA repression of psl mRNA is novel, in that the high affinity target
binding site of RsmA does not appear to overlap the ribosome binding site (RBS),
as it is located 12 bases upstream of the SD sequence. The predicted structure con-
tains a double-stranded RNA base-pairing event between the SD sequence and an
anti-SD sequence, which forms the base of the stem. Disruption of the anti-SD-SD
pairing leads to an increase in psl/ translational activity, which is no longer respon-
sive to RsmA (Fig. 11.2). These findings suggest that the RsmA-mediated repression
of psl translation involves the anti-SD sequence.

The study by Kay et al. (2005) provided evidence for an important feedback
mechanism operating in the Gac/Rsm signal transduction pathway of P. fluorescens.
The circuit diagram depicted in Fig. 11.3, summarizes the understanding of the
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regulatory interactions. The synthesis of the signal molecules that lead to activation
of target gene expression in the Gac/Rsm cascade (Heeb et al. 2002; Zuber et al.
2003) depends on GacA and on the three small RNAs. The signal activates tran-
scription of rsmX, rsmY, and rsmZ (Heeb et al. 2002) and perception of the signal
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needs functional GacS (Zuber et al. 2003). RsmX, RsmY, and RsmZ bind multiple
copies of RsmA and RsmE and antagonize the regulatory effects of these RNA
binding repressor proteins on secondary metabolite production (Heeb et al. 2002;
Valverde et al. 2003). RsmE expression is regulated negatively by RsmA and RsmE
and positively by GacA. It appears that RsmA and RsmE are required for RsmX,
RsmY and RsmZ transcription and stability also (Reimann et al. 2005). Biocontrol
factors and signals are produced in parallel at the end of exponential growth. By this
mechanism, the Gac/Rsm cascade positively autoregulates its activity as a function
of increasing cell population densities (Kay et al. 2005).

Therefore, the influence of the GacS/GacA signal transduction system on pro-
duction of secondary metabolites and exoenzymes is thought to be mediated largely
through these sSRNA molecules (Kay et al. 2005).

11.6 Sigma-Factor RpoS (¢°)

A panoply of sigma factors provides the bacterial cells with a primary level of
genetic control by directing RNA polymerase to specific promoter sequences in
response to changing environmental conditions (Ishihama 2000). The stationary-
phase sigma factor %, RpoS is one such important regulator that controls a large
number of genes as the cell progresses from exponential to stationary phase. Since
many of these functions are associated with stress resistance, RpoS is also referred
as stress and stationary phase sigma factor. The regulation and functions of c* (also
known as 6°%) have been studied in a variety of Gram-negative bacteria, especially
in E. coli (Loewen et al. 1998; Hengge-Aronis 2002) and Pseudomonas spp. (Tanaka
and Takahashi 1994; Sarniguet et al. 1995; Jgrgensen et al. 1999; Kojic et al. 1999;
Suh et al. 1999). The term stationary phase refers to a fixed physiological state
regardless of what factors and/or environmental conditions lead to cessation of
growth (Venturi 2003).

Under conditions of cellular starvation, o* accumulates, binds, and directs the
RNA polymerase holoenzyme to many genes with diverse functions, including
stress response. In Pseudomonas spp., o® is required for optimal survival of station-
ary-phase cells exposed to various environmental stresses (Sarniguet et al. 1995;
Miura et al. 1998; Ramos-Gonzélez and Molin 1998; Jgrgensen et al. 1999; Suh
et al. 1999; Whistler et al. 2000; Miller et al. 2001a, b; Heeb et al. 2005), and is
involved in regulating the production of many antifungal/biocontrol agents (Haas
and Keel 2003). The RpoS, is thus a global regulator, required for expression of a
large number of genes involved in cross-protection to various stresses, including
nutrient limitation, osmotic pressure, oxidative stress, heat shock, and growth dur-
ing the stationary phase (Loewen et al. 1998). In P. fluorescens Pf-5, antibiotics
production and biocontrol activity is influenced by RpoS (Sarniguet et al. 1995).

The rpoS mutants of Pseudomonas spp. generally exhibit diminished survival
in the stationary phase when subjected to environmental and physiological
stresses, including carbon starvation, UV irradiation, desiccation, and osmotic
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Fig. 11.4 Proposed pathway depicting the role of RpoS in Gac/Rsm controlled secondary metabolism
and resistance to oxidative stress in P. fluorescens CHAO. —, positive effect; —|, negative
effect(Adapted from Heeb et al. 2005)

stress (Sarniguet et al. 1995; Miura et al. 1998; Ramos-Gonzalez and Molin 1998;
Jgrgensen et al. 1999; Suh et al. 1999; Miller et al. 2001a, b; Heeb et al. 2005;
Stockwell and Loper 2005). Furthermore, rpoS mutants of P. fluorescens Pf-5
exhibit diminished capacity to colonize the rhizosphere of plants grown in dry soil
(Sarniguet et al. 1995; Stockwell and Loper 2005), establishing rpoS as a fitness
factor of this bacterium.

A mutation in rpoS of P. fluorescens differentially affects antibiotic production
besides the capacity of stationary-phase cells to survive exposure to oxidative stress
(Whistler et al. 1998). In P. fluorescens Pf-5, which produces multiple antibiotics,
inactivation of rpoS stops pyrrolnitrin production, but enhances production of pyo-
luteorin and 2.4-diacetylphloroglucinol and improves disease control (Sarniguet
et al. 1995). On the other hand, a similar mutation in strain CHAO, favours pyolu-
teorin synthesis but not of 2,4-DAPG and pyrrolnitrin (Haas and Keel 2003). The
work by Heeb et al. (2005) suggests the role of stress sigma factor in Gac/Rsm signal
transduction pathway controlling secondary metabolism as well as also shows its
involvement in Gac/Rsm-mediated resistance to oxidative stress. As described earlier,
the signal transduction complex pathway involving the GacS/GacA two-component
system also involves RpoS. The expression of 7poS is controlled positively by GacA
and negatively by RsmA. RpoS, positively controls the resistance to oxidative stress,
and negatively affects the expression of the icnA and aprA genes, presumably indi-
rectly by competition with RpoD (67°) for RNA polymerase core (Fig. 11.4). The
links between RpoS and GacS/GacA was revealed by the observation that both gacS
and rpoS null mutants of P.fluorescens CHAQO are more sensitive to H,O, in stationary
phase. Moreover, over expression of rpoS and rsmZ restore the peroxide resistance
in gacS mutant (Heeb et al. 2005).

It has been reported that the GacS/GacA two-component system positively con-
trolled the expression of rpoS in P. fluorescens Pf-5 (Whistler et al. 1998). Similarly,
a positive regulation of GacA was observed on the transcription of rpoS gene in
P. fluorescens 2P24. Together with these results, the existence of a negative feedback
relationship between RpoS and the Gac system was proposed, and hence induction
of RpoS by the two-component system may provide a mechanism to lower the level
of the Gac when environmental cues favourable for hyperactivity of this system no
longer are available (Yan et al. 2009).
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11.7 Quorum Sensing

It has been a common observation that the resident microflora as well as the plants
can strongly influence the expression of antibiotic biosynthesis genes in biocontrol
Pseudomonads (Howie and Suslow 1991; Kraus and Loper 1995; Wood et al. 1997,
Notz et al. 2001, 2002). Besides the complex regulatory network described earlier,
another widespread regulatory mechanism identified in different bacterial species is
referred as quorum sensing (QS). Bacterial populations in natural ecosystem com-
municate with each other through chemical signals, released in a cell density-dependent
manner, which means a minimum cell number is needed to express a particular
function. The nature of this signal, also known as autoinducer, has been identified to
be amino acids, short peptide hormones, and fatty acid-derivatives such as
N-acylhomoserine lactones (AHLs). The latter though may differ in the length of
the acyl chain moiety, and the substitution at the C3 position, is the most common
QS signal in Gram-negative bacteria. The bacteria reach a high population density
in the rhizosphere and often form a biofilm. In these communities, the accumulation
of fatty acid-derivative, AHL takes place which regulates various developmental,
physiological, and environmental responses. (Chin A-Woeng et al. 2003; Gera
and Srivastava 2006). Thus, quorum sensing is the ability of cells to detect relative
population densities and respond appropriately.

Quorum sensing-dependent regulation is commonly based on a pair of proteins
consisting of an AHL synthesising protein and a cognate transcriptional regulator.
These have been identified as those belonging to the prototype LuxR/LuxI regula-
tory family, with LuxR being a transcriptional regulator that acts in conjunction
with an AHL produced by the LuxI synthetase. Once activated by binding of AHL,
the LuxR protein typically binds as dimer to a 20-bp promoter element, known as
the lux box, and participates in the positive global regulation of a variety of cellular
functions in response to the hormone gradient, and thereby activating transcription
of target genes including further expression of /uxI. The genes encoding the LuxR-
type regulators and the corresponding LuxI-type AHL synthases are often adjacent
to each other on bacterial chromosomes, perhaps facilitating their swift operation.
AHLs once produced are released outside the cell where their concentration
increases in consonance with the cell density. At a threshold concentration, being
lipid soluble AHL traverses the membrane by simple diffusion and combine with
LuxR (Fuqua et al. 2001; Swift et al. 2001; Whitehead et al. 2001). A screen of soil
and plant isolates of different Pseudomonas spp. indicated that AHL production is
more common among plant-associated bacteria than among those from the bulk soil
(Elasri et al. 2001). Lots of details on QS system and underlying regulation are
available in the literature (Pierson III et al. 1998; Venturi 2006). AHL-dependent
cell—cell communication operating in the rhizosphere over a distance of up to 60 pm
has been reported (Hartmann et al. 2004). AHL-signalling can be disrupted by
microorganisms that enzymatically degrade AHLs. For instance, in P. chlororaphis
strain PCL1391, the expression of phenazine-1-carboxamide depends on AHLs
(Chin-A-Woeng et al. 2001); the biocontrol activity of this strain is strongly reduced
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Fig. 11.5 Schematic representation of bacterial quorum sensing. At low population densities,
basal-level production of autoinducer molecules results in the rapid dilution of the autoinducer
signals in the surrounding environment. At high population densities, an increase in bacterial number
results in accumulation of autoinducers beyond a threshold concentration, leading to the activation
of the response regulator proteins, which in turn initiate the quorum-sensing cascade

when AHL-degrading bacteria are applied simultaneously to roots (Molina et al.
2003). Whether AHL degraders, which are common among rhizobacteria (Uroz
et al. 2003), have an important role in rhizosphere ecology remains to be seen
(Fig. 11.5).

Several studies have shown that QS in Pseudomonas is integrated with certain
aspects of cell physiology and that it responds to various environmental signals.
Thus the overlap of the AHL-QS regulon with regulons of other global regulators
necessitates a high degree of interconnectivity among different signalling networks
(Venturi 2006). In Pseudomonads, such regulatory elements include the stationary
phase sigma factor, RpoS (Whiteley et al. 2000; Aguilar et al. 2003; Bertani and
Venturi 2004), two-component regulatory system GacS/GacA (Reimmann et al.
1997; Chatterjee et al. 2003; Bertani and Venturi 2004), small RNA binding regula-
tor, RsmA (Pessi et al. 2001), LuxR-family member, VqsR (Juhas et al. 2004), and
TetR-family member, RsalL (Rampioni et al. 2007). The integration of QS as an
additional regulatory circuit increases the range of environmental and metabolic
signals that affect gene expression beyond cell density as well as further fine tuning
the timing of the QS response (Venturi 2006; Yan et al. 2009).

The role of RpoS in AHL-QS regulation was re-addressed using transcriptional
profiling (Schuster et al. 2004). During this study ~800 genes were found to be regu-
lated by RpoS in stationary phase, including a high percentage (30-40%) of the
genes previously determined to be regulated by AHL-QS. This suggested that there
is a considerable regulon overlap between QS and RpoS. While more than 40% of
the genes controlled by quorum sensing are also controlled by RpoS, conversely,
18% of all RpoS-regulated genes were regulated by quorum sensing as well. It is
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most probable that most genes belonging to the two regulons are independently
regulated by both RpoS and AHL-QS, while some are indirectly regulated through
either AHL or RpoS. Considerable additional experimentation is required in order
to formulate more precisely the mechanisms of how the regulon overlap is con-
trolled by the two systems and whether at the molecular level there is indeed cross-
regulation between RpoS and AHL-QS genes. It is probable that the two systems act
independently, because AHL QS is a cell-density-related response whereas RpoS is
a stationary-phase response, which in nature in most cases does not involve high cell
densities but other stressful growth conditions such as limitation of an essential
nutrient (Schuster et al. 2004).

The relationship between QS and RpoS is intriguing but confusing, largely
because of the distinct regulatory features reported among different bacteria. A quo-
rum sensing (QS) locus Pcol/PcoR has been identified in the biological control
bacterium, P. fluorescens 2P24 (Wei and Zhang 2006). Yan et al. (2009) have shown
that RpoS acts as a negative regulator of the transcription of pcol. However, they
suggested that in strain 2P24, RpoS could play its negative regulatory role on the
pcol gene under a functional GacS/GacA system background. They have further
gone on to demonstrate that GacA is a positive regulator of rpoS gene. These results
have led them to propose that a negative feedback relationship exists between RpoS
and Gac system and such a mechanism would help the cell in modulating the gene
expression under different environmental conditions (Yan et al. 2009).

The LasR-LasI and RhIR-RhII quorum-sensing systems are global regulators of
gene expression in the opportunistic pathogen, P. aeruginosa. Whiteley et al. (2000)
investigated the influence of quorum sensing on rpoS expression in P. aeruginosa.
Their data indicate that rpoS transcription is not regulated by quorum sensing. This
is in contrast to a previous report that RhIR-RhlI is required for the growth phase-
dependent expression of rpoS (Latifi et al. 1996). They further suggested a relationship
between RpoS and quorum sensing, in which RpoS appears to regulate rhil.
Regardless of the explanation for the conflicting results, a novel relationship between
rpoS and quorum sensing in P. aeruginosa involving the repression of rhll transcription
by rpoS has been reported (Whiteley et al. 2000).

It has been observed that in Plant Growth Promoting Rhizobacteria like P. aeruginosa,
N-acylhomoserine lactones are capable of regulating a set of genes by sensing the
cell density and developing an intercellular communication. An addition of AHL in
the exponential growth phase, regardless of cell density, induces a repression of cell
growth, an expression of stationary phase sigma factor, ¢* in vivo and also leads to
morphological change into smaller spherical shape which is indistinguishable from
that by the sigma factor expressed in the usual stationary phase. It is demonstrated
that AHL can trigger the entry of bacteria into stationary phase as a growth control-
ling signal (You et al. 1998).

Extracellular polysaccharides are important components of biofilms. In non-mucoid
strains of P. aeruginosa, Pel and Psl polysaccharides have been shown to be critical for
biofilm formation (Friedman and Kolter 2004; Jackson et al. 2004; Matsukawa and
Greenberg 2004). Irie et al. (2010) in their study, demonstrated that the alternative
sigma factor RpoS is a positive transcriptional regulator of ps/ gene expression.
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As discussed earlier, GacS/GacA modulates the expression of exoenzymes,
antibiotics and HCN when cells are in transition from exponential to stationary
phase. This two-component system also exerts a positive impact on cell density-
dependent gene regulation mediated by signal molecule, AHL in P. aeruginosa,
P. syringae and P. aureofaciens (Fuqua et al. 1994; Sacherer et al. 1994; Blumer
et al. 1999; Chancey et al. 1999; Elasri et al. 2001; Heeb and Haas 2001). The phz
operon of P. fluorescens 2—79, which produces phenazine-1-carboxylate, is preceded
by two genes, phzR and phzI, that are homologs of quorum-sensing gene pairs of the
luxR-luxI family (Khan et al. 2005). In P. chlororaphis PCL1391, the production of
the antifungal metabolite, phenazine-1-carboxamide (PCN) is through expression
of the biosynthetic phzABCDEFGH operon (Chin-A-Woeng et al. 1998, 2003).
Regulation of PCN production in this strain involves the two-component signalling
system GacS/GacA, the quorum-sensing system, PhzI/PhzR, and the regulator
PsrA. The phzl gene is responsible for the synthesis of the autoinducer, of which
N-hexanoyl-L-homoserine lactone (C6-HSL) is the main product (Chin-A-Woeng
etal. 2001). C6-HSL is believed to bind to PhzR, thereby activating it. Subsequently,
the PhzR—C6-HSL complex binds to the phz box(= lux box) upstream of the phz
biosynthetic operon, and results in initiation of the transcription of the phz operon.
The PhzR—-C6-HSL complex also upregulates phzl via a second consensus sequence
or lux box. A similar regulation of phenazine synthesis by quorum sensing was
shown in P. aureofaciens 30-84 (Pierson et al. 1994). PhzR/PhzI quorum sensing
system has been described from many Pseudomonads, such as P. fluorescens 2-79,
P. chlororaphis PCL 1391 and P. aureofaciens 30-84 (Khan et al. 2005). Phenazines
themselves have been implicated as late QS signal that may regulate several genes
not related to phenazine biosynthesis genes (Dietrich et al. 2006).

P. aureofaciens 30-84 is a soil-borne bacterium that colonizes the wheat rhizo-
sphere and produces three phenazine antibiotics. These are involved in suppressing
take-all disease of wheat by inhibition of the causative agent Gaeumannomyces
graminis var. tritici. Phenazines also enhance survival of P. aureofaciens 30-84
within the wheat rhizosphere endowing high level competitiveness. Expression of
the phenazine biosynthetic operon in P. aureofaciens 30—84 is also controlled by the
phzR/phzI, N-acyl-homoserine lactone (AHL) response system (Pierson et al. 1994;
Wood and Pierson 1996; Wood et al. 1997). By using high-pressure liquid chroma-
tography coupled with high-resolution mass spectrometry, the AHL produced by
PhzI was identified as N-hexanoyl-homoserine lactone (HHL) which is also known
as C6-HSL. Moreover, the expression of the quorum sensing regulatory pair PhzR-
HHL in the biocontrol strains P. chlororaphis PCL1391 and P. aureofaciens 30—84
depends on the two-component system GacS/GacA (Chancey et al. 1999).

AHL type QS molecules produced by DAPG producers such as P. fluorescens
F113 and 2P24 do not contribute to the regulation of antibiotic biosynthesis (Laue
et al. 2000; Wei and Zhang 2006). In fact, in P. fluorescens CHAO and Pf-5, DAPG
and PLT act as signal molecules, which induce their own biosynthetic genes while
strongly repressing the biosynthetic genes of other antibiotics (Baehler et al. 2000).
The use of Pseudomonads as PGPR and/or biological control agents requires pre-
cise understanding of the interactions between the plants and bacteria, among
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bacteria and microbiota, and how biotic and abiotic factors influence these relationships
(Choudhary et al. 2009). The potential for species of Pseudomonas to colonize and
protect plants from infection by pathogenic microorganisms has long been recog-
nized. The identification of several antifungal metabolites produced by many of
these bacteria capable of inhibiting plant pathogenic microorganisms is the first step
in understanding, and ultimately utilizing these bacteria for effective biological con-
trol in the field. Additionally, the identification of genetic systems involved in the
production of these metabolites is beginning to offer insights into their biosynthesis
and regulation. The complex intertwining of regulatory circuits governing the
expression of the genes involved in the production of these antifungal metabolites
reflects the important roles these products serve not only in biological control but
also in the normal life cycles of the producing bacteria.

11.8 Future Perspectives and Conclusions

Our current understanding of the regulation of antifungal metabolite gene expression
in Pseudomonas is beginning to offer some insight into how soil-borne microorgan-
isms regulate the expression of genes involved in both competition and biological
control. The identification of regulatory circuit analogous to gacS/gacA in many
biological control bacteria will allow the identification of the environmental signals
recognized by these systems. The identification of an RpoS homolog that controls
gene expression strongly indicates that the events that regulate gene expression dur-
ing stationary phase are important in biological control and that the effect of nutri-
ent deprivation and other factors that stimulate stationary phase growth need to be
examined further.

Thus, the regulatory picture governing the expression of the genes responsible
for the production of antifungal metabolites appears to be more complicated than
originally envisioned. Although specific mechanisms of regulation appear to have
been conserved among bacteria, it is doubtful whether each mechanism will func-
tion identically in each system. Therefore, it will be important to ascertain the hier-
archial role of specific regulatory mechanism within each system so that an
understanding of the importance of each mechanism under different environmental
conditions can be studied and compared. Even subtle differences in signal transduc-
tion pathways between bacteria could have a large influence on the success of the
bacteria as a biological control agent. In addition, many of the regulatory loci identi-
fied regulate multiple operons involved in diverse pathways affecting multiple
aspects of the cell’s ability to interact with its environment, its host, or its competi-
tors. Thus, studies on regulatory genes must be performed in the context of the
complex and varied effect that such alterations may have on the expression of genes
in the cell responsible for its ability to interact with its environment. Biocontrol
agents from P. fluorescens and closely- related species have become prominent
models for analysis of plant protection mechanisms and the role of secondary
metabolism. In order to understand the genetic basis of these functions, it becomes
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imperative to isolate structural gene/s and regulatory mutants, and test them in
laboratory conditions to be followed by field applications.

In conclusion, Pseudomonas spp. are of agricultural and economic importance as
a biological control agent largely because of their plant association and production
of secondary metabolites. Thus, antibiotic production by fluorescent Pseudomonas
spp. is continuously getting recognized as an important feature in plant disease
suppression.
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Chapter 12

Exploiting Plant Growth Promoting
Rhizomicroorganisms for Enhanced
Crop Productivity

Suseelendra Desai, Minakshi Grover, E. Leo Daniel Amalraj,
G. Praveen Kumar, and S.K. Mir Hassan Ahmed

Abstract The increasing pressure on land resources has made it imperative for
vertical growth through enhanced crop intensity and productivity. To meet this
challenge, appropriate integrated nutrient and pest management packages must be
configured for different agro-ecological conditions. By 2050, the crop nitrogen
demand is expected to reach 40-45 million tonnes. To meet such enormous nitro-
gen requirements through chemical fertilizers, would not only be expensive but also
could severely degrade soil health. Similar is the situation with other macro- and
micro-nutrients. The rhizosphere environment, at the interface between root and
soil, is a major habitat for soil processes. Rhizosphere biology is approaching a
century of investigations, wherein growth-promoting rhizomicroorganisms such as
Rhizobium, Azotobacter, Pseudomonas, Bacillus, Azospirillum, Frankia and myc-
orrhizal fungi have attracted special attention on account of their beneficial activi-
ties. Plant growth promoting rhizomicroorganisms (PGPR) include diverse microbes
that influence plant health by colonizing roots, enhancing plant growth, reducing
plant pathogen populations and activating plant defenses against biotic stresses.
PGPRs promote plant growth in different ways such as influencing plant hormonal
balance, antagonistic to pathogens through various modes, stimulation of plant
resistance/defense mechanisms, effects nutrient uptake by secretion of organic
acids or protons to solubilize nutrients, atmospheric N, fixation and by modifying
rhizospheric soil environment by exo-polysaccharides production. Though research
was going on in isolation in the above areas, with the advent of a core group for
PGPR research, the pace in this direction has significantly increased. The primary
emphasis on exploiting the vast biodiversity of microorganisms to identify the
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beneficial strains has yielded very good results. However, most of the research is
yet to reach the end-users. For effective transfer of these technologies, there is a
need for functional networking of research, industry and extension systems. In this
paper, we describe the recent advances in PGPR research and the future needs to
strengthen PGPR research and development that will transfer the benefits to the
end-users for enhanced and sustainable farm productivity hence contributing
towards food security challenges.

Keywords Plant growth promoting rhizomicroorganisms ® Pseudomonas * Bacillus
e Trichoderma * Bioinoculants * Crop productivity

12.1 Introduction

Agriculture is the predominant occupation in India that employs more than 50% of
the population directly or indirectly. The statistical estimation for the year 2008
shows that Indian agriculture contributed 17.2% of the 46936.02 billions national
Gross Domestic Productivity (GDP). Of late to meet the growing demand for food,
adequate production and even distribution of food has become a high priority global
concern. With the present agricultural scenario and global competition, there is a
need for enhancing the farm productivity through integrated plant health manage-
ment. In India, during the year 2008-2009, the total area under cultivation was 8.74
million ha with a production of about 8.83 million tonnes reflecting a productivity
of 1,011 kg.ha™!. A meticulous approach towards improved crop varieties, better soil
productivity, supply of balanced crop nutrients, improved plant protection, efficient
water management, post-production management for value-addition and marketing
can contribute to enhanced farm productivity.

As opportunities in India for further agricultural growth through increase in area
under irrigation are relatively less, food security and productive growth in agricul-
ture has to be focused in rainfed regions. The total cropped area in India has remained
static at around 140 million ha since 1970s. For maintaining food security at the
current nutritional levels, 100 million tonnes of food grains need to be produced
additionally by 2020. Rainfed agriculture faces challenges in abiotic and biotic
stresses, degraded soils with poor nutritional status and low organic content, deple-
tion of natural resources, depletion of ground water and poor economic base of the
farmers. The increasing pressure on land resources has led to an imperative vertical
growth by increasing crop productivity and intensity. Integrated nutrient and pest
management packages should thus be appropriately configured to meet the specific
demands of different agro-ecological conditions. The 6 billion world population
today consumes about 25 million tonnes of protein nitrogen each year. By 2050, it
is expected to reach 40—45 million tonnes. To meet such enormous nitrogen require-
ments, chemical fertilizers would not only be expensive but also can severely
degrade soil health and environment.
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Chemical fertilizers can be substituted with biofertilizers as a low cost inputs for
sustainable agriculture. However, in India there is a persistent demand in nitrogen
fertilizers. This demand can be reduced with the help of biofertilizers. There is a
huge gap between the demand and production of these biofertilizers due to increasing
interest in the usage of microorganisms for crop health management.

Plant growth results from interaction of roots and shoots with the environment.
The environment for roots is the soil or planting medium, which provides structural
support as well as water and nutrients to the plant. Rhizosphere biology is approach-
ing a century of investigations wherein plant growth promoting rhizobacteria
(PGPR) such as Rhizobium, Frankia and mycorrhizal fungi have attracted special
attention on account of their beneficial activities. Bacteria that aggressively colo-
nize roots are now referred to as “rhizobacteria”’; predominant among these are fluo-
rescent pseudomonads. Fluorescent pseudomonads have been recovered from the
rhizoplane and rhizosphere of not only crop species but also from wood tree seed-
lings and fruit trees. Roots also support the growth and functions of a complex of
microorganisms that can have a profound effect on growth and survival of plants.
These microorganisms constitute rhizosphere microflora and can be categorized as
deleterious, beneficial or neutral with respect to root/plant health. Beneficial inter-
actions between roots and microbes do occur in rhizosphere and can be enhanced.
Increased plant growth and crop yield can be obtained upon inoculating seeds or
roots with certain specific root-colonizing bacteria- ‘plant growth promoting
rhizobacteria’.

Microbes have been always associated with plants and the interactions between
them can be beneficial or hostile. Some of the prominent beneficial interactions of
agricultural importance include symbiotic nitrogen fixation, nutrient mobilization,
induction of resistance mechanisms against invading pests, biological control of
pests that attack the plants and plant growth promotion.

12.2 Plant Growth Promotion by Microbes

Plant growth-promoting rhizobacteria (PGPR) are free-living, soil-borne bacteria,
isolated from the rhizosphere, that enhance the growth of the plant and reduce the
damage from soil-borne plant pathogens (Kloepper et al. 1980) when applied to
seeds or crops. The potential negative impact of chemical fertilizers on the global
environment and the cost associated with production has led to research with the
objective of replacing chemical fertilizers with bacterial inoculants.

Bacterial inoculants that help in plant growth are of two types (a) symbiotic and
(b) free-living (Kloepper et al. 1988; Frommel et al. 1991). Beneficial free-living
bacteria referred to as PGPR are found in the rhizosphere of the roots of many
different plants (Kloepper et al. 1989). Breakthrough research in the field of PGPR
occurred in the mid 1970s with studies demonstrating the ability of Pseudomonas
strains capable of controlling soil-borne pathogens and indirectly enhances plant
growth and thereby increased the yield of potato and radish (Kloepper et al. 1980;
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Fig. 12.1 Plant growth promotion of maize by Pseudomonas sp. (60 DAS)

Howie and Echandi 1983). Strains which exhibited the potential to be PGPRs were
identified as Pseudomonas putida biovar B, P. fluorescens, Arthobacter citreus and
Serratia liquefaciens (Lifshitz et al. 1986; Kloepper et al. 1988). Salamone (2000)
reported the growth-promoting effect of P. fluorescens strain G20-18 on wheat and
radish plants by production of cytokinin phytohormones. As the effect of PGPR on
plants was demonstrated, the concept of PGPR began to gain importance and a large
number of bacterial strains have been isolated, screened (Cattelan et al. 1999;
Bertrand et al. 2001) and evaluated for plant growth promotion (Bent et al. 2001;
Salamone 2000).

The PGPRs have different modes of action and they include production of growth
promoting substances, release of nutrients that are in fixed state, production of
siderophores, mycoparasitism and antibiosis. Research results indicate that the
PGPRs can have one or more modes of action. PGPR may induce plant growth
promotion by direct or indirect modes of action. Direct mechanisms include the
production of stimulatory bacterial volatiles and phytohormones (Fig. 12.1), lower-
ing the ethylene level in plant, improvement of the plant nutrient status (liberation
of phosphates and micronutrients from insoluble sources Fig. 12.2; non-symbiotic
nitrogen fixation) and stimulation of disease resistance mechanisms (induced systemic
resistance). Indirect effects originate when PGPR acts like biocontrol agents in
disease reduction, stimulation of other beneficial symbioses and protects the plant
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Fig. 12.2 Solubilization of macro- and micro-nutrients in vitro by Bacillus sp.

by degrading xenobiotics in contaminated soils (Jacobsen 1997). Based on their
activities, Somers et al. (2004) classified PGPR as biofertilizers (increasing the
availability of nutrients to plant), phytostimulators (plant growth promoting, usually
by the production of phytohormones), rhizoremediators (degrading organic pollut-
ants) and biopesticides (controlling diseases, mainly by the production of antibiot-
ics and antifungal metabolites). Bashan and Holguin (1998) proposed the division
of PGPR into two classes: biocontrol-PGPB (plant growth promoting bacteria)
and PGPB. This classification may include beneficial bacteria that are not rhizo-
sphere bacteria but it does not seem to have been widely accepted. Furthermore, in
most studied cases, a single PGPR will often reveal multiple modes of action includ-
ing biological control (Vessey 2003).

Biofertilizers are preparations containing live microorganisms that help in
nutrient availability through fixation, solubilization or mobilization. There are many
biofertilizers for application in crop production. Their scope and importance can be
realized from the fact that more than 43 million ha under paddy, 35 million ha under
coarse cereals, 23 million ha under pulses, 25 million ha under groundnut and 4
million ha under soybean can be benefited by using one or other types of biofertil-
izers. Biofertilizers benefit the crop by way of increased N fixation, enhanced avail-
ability of nutrients through solubilization or increased absorption and stimulation of
plant growth through hormonal action.

Agriculturally important microorganisms (AIMs) are used in a variety of agro-
ecosystems both under natural conditions and as manipulated inoculation for aug-
mentation of nutrient supply, biocontrol, bioremediation and rehabilitation of
degraded lands (Vessey 2003). Stressed ecosystems are however, the most challenging
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to realize optimum performance from AIMs. Ecosystems with sub-optimal performance
of soils and other resources in productivity are termed stressed ecosystems (Sehgal
and Mandal 1994). The outstanding stress factors in India are drought or soil
moisture, which affect nearly two third area forming part of the arid and semi-arid
ecosystems. The other important abiotic stresses are high temperature, soil salinity/
alkalinity, low pH and metal toxicity.

In recent years under controlled conditions, the beneficial effects of microorganisms
such as Pseudomonas, Bacillus, Arthrobacter, Pantoea, Burkholderia, Rhizobium
etc. enhanced the tolerance of crops such as sunflower, maize, wheat, chickpea,
groundnut, spices and grapes towards drought, salinity, heat stress and chilling injury
factors (Ait Barka et al. 2006; Arshad et al. 2008). The inoculated microorganisms in
the rhizosphere enhance soil aggregation by production of exo-polysaccharides and
improved the water availability to plants during dry periods (Sandhya et al. 2009).
Also induced the synthesis of heat shock proteins and osmoregulants such as pro-
line, glycine-betaine, help in maintenance of cell membrane integrity (Bano and
Fatima 2009), all of which contribute to improved stress tolerance in plants. The
introduced organisms also form biofilm in the rhizosphere which protect plants from
harsh environment in the vicinity. These researches open up new and exciting pos-
sibilities of utilizing microorganisms as inoculants for enhancing tolerance of
plants to climate change induced abiotic stresses.

Phosphorus is one of the major nutrients that limit plant growth. Most of the soils
around the world are P deficient (Batjes 1997). The use of rock phosphate as a
phosphate fertilizer and its solubilization by microbes (Kang et al. 2002), through
the production of organic acids (Maliha et al. 2004), has become a valid alternative
to chemical fertilizers. Several studies have shown that phosphate soulubilizing
microorganisms (PSMs) solubilize the fixed P in the soil resulting in higher crop
yields (Gull et al. 2004). The combined application of Rhizobium and PSM (Perveen
et al. 2002) or PSM and arbuscular mycorrhizal (AM) fungi (Zaidi et al. 2003)
showed enhanced plant growth as compared to their individual inoculation in ‘P’
deficient soils. Phosphate solubilizing bacteria are ubiquitous (Gyaneshwar et al.
2002) and Bacillus, Enterobacter, Erwinia and Pseudomonas spp. are among the
most potent strains.

Direct evidence supports the conclusion that PGPR surviving on plant roots can
induce resistance in plants to foliar or systemic pathogens, was published indepen-
dently for three pathosystems: cucumber and anthracnose (Wei et al. 1991); carnation
and Fusarium wilt (van Peer et al. 1991); bean and halo blight (Alstrém 1991).
Systemic resistance induced by PGPR has been termed ‘induced systemic resistance’
(ISR) (Kloepper et al. 1992; Pieterse et al. 1996). ISR is dependent on colonization
of the root system by sufficient numbers of PGPR, and this has been achieved by
coating seed with high numbers of bacteria or by adding bacterial suspensions to
soil before sowing or at transplanting (Kloepper 1996). Studies to elucidate the
plant biochemical pathways associated with induction by PGPR were reviewed by
van Loon et al. (1998).

Pseudomonas is a diverse genus containing a large number of species with a
variety of catabolic and metabolic abilities. This diversity allows for the colonization
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of an array of environmental niches and interactions with a wide range of eukaryotic
hosts as saprotrophs, endophytes, commensals, plant pathogens and opportunistic
human pathogens. Pseudomonas spp. are of great interest to researchers in the fields
of plant, soil and as such the genomic sequences of a range of Pseudomonas strains
have been determined or are currently in progress. Pseudomonas—plant interactions
are found ubiquitously in nature and encompass a growing number of plant species,
many of which are important in commercial horticulture. These interactions fall into
two general groups: those that are beneficial and those that are detrimental to the
host plants health. Species of Pseudomonas that successfully interact with plant
hosts ultimately gain an advantage over the competing microorganisms in the imme-
diate environment. The development of such interactions between Pseudomonas
and host plants usually involves avoidance, subversion and sometimes even stimula-
tion of the host plant defenses. In return the plant host can respond to the presence
of the Pseudomonas spp. by modulating defense mechanisms and engaging in
signaling between itself and the infecting bacterium in an attempt to further promote
beneficial interactions or suppress pathogenic ones.

Numerous examples of plant growth stimulation by fluorescent Pseudomonas
spp. have been reported (Kloepper et al. 1980; Bashan 1986; Suslow 1980).
Significant increases in growth and yield of potatoes up to 367% were reported in
greenhouse experiments by Burretal. (1978) with specific fluorescent Pseudomonas
strains. Van Peer and Schippers (1988) documented increases in root and shoot
fresh weight for tomato, cucumber, lettuce and potato as a result of bacterization
with Pseudomonas strains. Biological control with fluorescent pseudomonads
offers an effective method of managing plant pathogens (Ramamoorthy et al.
2001). These bacteria inhibit the fungal pathogens by producing antibiotics, lytic
enzymes and by inducing resistance systemically in the plant by activating defense
genes such as chitinase, -1,3-glucanase, peroxidase and phenylalanine ammonia
lyase (Ramamoorthy et al. 2001; Viswanathan and Samiyappan 2001). Chitinases
are well known to lyse the fungal cell wall (Chet 1987). The ubiquitous distri-
bution of fluorescent pseudomonads in the rhizosphere of crop plants has broad
spectrum of action in the suppression of fungi, bacteria and nematodes (Haas and
Keel 2003).

Strains of the genus Bacillus are another most commonly reported PGPR
(Compant et al. 2005; Vessey 2003). The secondary metabolites produced by certain
species and strains of Bacillus have antibacterial or antifungal activity against
phytopathogenic microorganisms (Asaka and Shoda 1996). Products for plant
disease biocontrol containing B. subtilis and other Bacillus species have been used
in the past as seed dresser in several crops (Schisler et al. 2004). Bacillus strains
have the advantage of forming endospores that confer them high stability as biofun-
gicides or biofertilizers (Schisler et al. 2004). Several mechanisms have been proposed
to explain the inhibition of fungal pathogens by Bacillus spp., including production
of antimicrobials, secretion of hydrolytic enzymes, competition for nutrients, or a
combination of mechanisms (Compant et al. 2005).

The treatment of soybeans with Bacillus cereus has been shown to improve
soybean yield in field (Osburn et al. 1995). Systemic resistance in sugar beet was
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elicited by a non-pathogenic, phyllosphere colonizing Bacillus mycoides
(Bargabus et al. 2002). Different strains of B. subtilis, B. cereus, B. mycoides and
B. thuringiensis exhibit antifungal activity (Stabb et al. 1994). These strains has
shown to produce zwittermicin-A and/or kanosamine that are effective against
damping-off disease caused by Phytophthora medicagenis, P. nicotianae, P.
aphanidermatum or Sclerotinia minor (Milner and Stohl 1996).

Trichoderma spp. were extensively studied over the past several decades all
over the world. It is an antagonistic soil borne fungus that can effectively control
soil-borne plant pathogens. The mode of action of its antagonism, are primarily by
competing for substrates, chitinase production, production of antibiotics (tricho-
dermin, viridin etc.) and mycoparasitism. Among several spp., T. viride is very
popular as it has been accepted world over as a component in integrated disease
management.

12.2.1 Stress Management Through Rhizobacteria

Application of rhizobacteria for the management of different kinds of stresses esp.
root pathogens is not new. The phenomenon of biological control of soil borne- and
foliar-pathogens through many bacteria has been commercially exploited. The
PGPRs produce a variety of enzymes such as chitinases, glucanases, cellulases, and
proteases that are useful in biological control. Biological control in India is now
gaining significance as people are becoming more health conscious and there is no
other economically viable option for controlling soil-borne phytopathogens. The
technology should be available at a cheaper cost for all the small and marginal farmers
to make use of it.

The expansion of irrigation has been one of the key strategies in achieving self-
sufficiency in food production. This has been achieved through the use of ground
water. In almost all cases the groundwater table, that is several meters deep prior to
the introduction of irrigation has risen and has played a very significant role in the
increasing salinization. One of the major implications of this processes is the
increase in the concentration of soluble salts in the root zone of soils, which affects
the rhizosphere populations thereby affecting the plant productivity. This is more
evident in the coastal agro-ecosystems. The presence or absence of soil microbes in
the soil can be used as indicators of soil health and soil productivity as they are
capable of having a direct effect on plant growth. A high association between soil
salinity and the distribution of Azospirillum genotypes reveals that soil salinity
should be taken into consideration while developing biofertilizers specifically for
the coastal agro-ecosystem. Phosphorus is the second critical plant nutrient next to
nitrogen. Although total P pool of soil is high, only a part is available to the plants
depending on the solubility and availability of the microbial load. In stressed soils it
is observed that their numbers dwindled very fast.
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12.3 Efficient Strain Selection and Formulation

The efficient strain selection relies on isolation and characterization of competent
isolate with the ability to outgrow the native rhizospheric microbe population, phys-
iologically active and tolerance to biotic and abiotic stresses. Initial in vitro study
for the selection of promising strain involves a seedling test where in basic param-
eters like root, shoot length and dry mass are recorded and the best isolate is selected
for pot study under glass house conditions in sterile soil. Finally, large scale production
of the selected isolate requires basic research on the ideal pH, temperature range,
agitation, aeration, media requirements etc. This basic information could help in
refining the ideal conditions for large scale production.

Formulation is the process of mixing the bioinoculant with carrier material so as
to enhance the shelf-life and viability. Formulation of the bioinoculant also plays a
major role in consistency of performance by improving or maintaining bacterial
survival following application. A suitable formulation should provide a protective
habitat for the introduced bacteria, thereby increasing the potential for survival and
successful colonization. Several carrier materials such as peat, bentonite, vermicu-
late, talc and lignite have been reported. Bacterial inoculant may be either liquid or
carrier based formulation including those that are oil-based, aqueous-based, polymer-
based, or combinations thereof. Aqueous-based formulation requires few more
amendments other than fermenting bacteria in a liquid medium and adding compo-
nents, such as stabilizers, stickers, surfactants, colouring agents, antifreeze com-
pounds and additional nutrients (Boyetchko 1996). Alternatively, the ferment can be
processed (e.g., concentrated or dried) and then re-suspended in a liquid medium.
Some of the available commercial products with government organizations in India
are listed in the following Table 12.1.

12.3.1 |Integrated Bioresources Centre Model

A novel concept of Integrated Bioresources Centre (IBRC) was implemented at
Central Research institute for Dryland Agriculture initially with the financial assis-
tance from Andhra Pradesh - Netherlands Program. The basic objective of the con-
cept was to provide various bio-inputs of assured quality under one roof at an
affordable price to the farmers and also impart training programs to different clien-
tele on multiplication, formulation and use of various bio-inputs. The unit is estab-
lished on a self-sustainable basis and trains farmers, trainers and young entrepreneurs
on various issues related to bio-inputs. The production facility also has an in-house
research unit that undertakes refinement of technologies to meet the farmers’ needs
based on the feed-back obtained during the on-farm demonstration programs con-
ducted by the IBRC or other researchers. The unit not only absorbs the research
outputs of CRIDA but also ripe technologies from other research organizations for
the overall benefit of the farmers. The product portfolio of the centre includes



Table 12.1 Commercially formulations of bioinoculants with an ability to promote plant growth
and disease suppression

S. No. Bio-product Source Address
1 Trichoderma viride Tamilnadu Agricultural Coimbatore-641003,
University Tamilnadu
2 Pseudomonas fluorescens -do- -do-
3 Trichoderma viride Directorate of Oilseeds Rajendranagar-500030,
Research Hyderabad, AP
4 Bacillus thuringiensis var kurstaki  -do- -do-
5 Trichoderma harzianum Indian Institute of Bengaluru-560089,
Horticultural Research Karnataka
6 Paecilomyces lilacinus -do- -do-
7 PSB, Azospirillum, Azotobacter, National Centre of Ghaziabad-201002, UP
Rhizobium, Organic Farming/
Gluconoacetobacter Regional Centre for
Organic Farming
8 Trichoderma harzianum Regional Research Jammu-180001, J & K
Laboratory
9 Trichoderma viride Central Research Institute  Hyderabad-500059,
for Dryland AP
Agriculture
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Fig. 12.3 Bioinoculants commercialized at Integrated Bioresources Centre of CRIDA
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biofertilizers, biopesticides and tissue-culture saplings. The model is also stan-
dardized for duplication at other places by young entrepreneurs so that the bio-
inputs are produced under technical supervision of qualified personnel and made
available at the nearest place possible and thereby reducing transportation costs and
other logistics. To set up such unit the approximate cost that incur will be around
3-5 lakh rupees for 5—8 MT production capacity per annum. The basic requirements
for the unit are orbital shaker, laminar air flow cabinet, autoclave, refrigerators,
glassware and chemicals. The expected breakeven can be attained after 3 years of
initiation of the unit. Such village level units can be sustained for a long time by
unemployed rural youth with proper training and hands on experience for the
production of quality bio-products. Some of the bio-products manufactured at
IBRC, CRIDA are shown in Fig. 12.3.

12.4 Commercialization, Marketing and Regulatory
Requirements

In India, the commercial production and sale of biofertilizers and biopesticides must
comply with the regulatory norms of State Department of Agriculture and Central
Insecticides Board & Registration Committee (CIB&RC), Faridabad. Hence, they
are classified under FCO and pesticide act, respectively. The risk-assessment
process undertaken by the CIB&RC as part of its decision to register a pesticide
relies on on-farm bio-efficacy data generated for two seasons on target crops or
pests conducted under three agro-climatically diverse areas, chemistry data that
includes mode of action and standard procedures for the evaluation of quality,
chemical composition etc. The toxicological data comprises effect of toxicity to
birds, fishes, earthworm, mice and rabbits, where as container content compatibility
data includes shelf life of formulated product under three varied temperature
regimes, compatibility of the product with packing materials, manner of packing,
labeling and leaflets in accordance with the products. The report should also contain
data on the impact on natural enemies, predators, phytotoxicity on plants and resid-
ual effects. The term “residues” applies not only to the parent molecule but also to
toxicologically significant metabolites, or other products that might arise by altera-
tion of the parent molecule. Under legal data, the concerned company has to furnish
set of affidavits for the assurance in quality maintenance and a responsible represen-
tative in case of failure to meet the standards. The regulations provide substantial
discussion of the data required by the CIB for the risk assessment and approval
process. The CIB&RC initially awards a temporary registration called 9(3)b regis-
tration which is valid for 2 years. Several recognized R&D organizations have gen-
erated data for 9(3)b registration. Tamil Nadu Agricultural University (Coimbatore),
Indian Institute of Horticultural Research (Bengaluru), Directorate of Oilseeds
Research (Hyderabad) and Regional Research Laboratory (Jammu) are some of the
sources for obtaining data for registration of biopesticides on payment basis. For
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obtaining permanent license, a separate application has to be made with data on
shelf-life, bioefficacy and toxicology data. The registration certificate obtained
from the CIB should be submitted to the concerned State Department of Agriculture
to obtain the manufacturing and marketing license. Other statutory requirements for
obtaining the manufacturing license includes.

e Product registration with State Department of Agriculture/CIB & RC

¢ Obtaining manufacturing license from the state department of agriculture
e SSI registration

e VAT registration

e NOC from pollution control board and fire department

e Central excise

e Labour department

e Weights and Measures certification

12.5 Transfer of Technology and Awareness Building

The transfer of technology from laboratory to field mainly relies on front line
demonstrations in the field condition that can be accomplished by adopting villages
through Farm Science Centres (KVKs), NGOs and other non-profit organizations.
Creating awareness on the usage of microbial based agri-products is an important
factor in promoting this technology because they are highly sensitive to various
factors like, dosage, time and method of application, compatibility with chemical
fertilizers or pesticides, expiry date, authentication of the product by the government
agency, advantages and benefits of the product to the farmer are some of the important
issues that the farmer should be made aware of.

Often, it is very difficult to convince the farmers about the beneficial effects of
the bioinoculants as their positive effects can be realized over seasons. For making
the farmers to adopt such “Slow-transfer rate technologies”, constant efforts are
required to build awareness among the farmers through both on- and off-farm
knowledge transfer/skill enhancement programs. Also, microbial based products
are not the complete replacement for chemical fertilizers.

12.6 Future Perspectives

Excess usage of fertilizers and pesticides has lead to the deterioration of soil
quality, loss of natural soil microbial biodiversity and pollution. Fertilizers pose great
risk due to water contamination with nitrates that acts as a potent carcinogenic
agents. An ideal example is a recent update on nitrate poisoning in Punjab in
India. In 2009, under a Greenpeace Research Laboratories investigation, Dr Reyes
Tirado, from the University of Exeter, UK conducted a study in 50 villages in Muktsar,
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Bathinda and Ludhiana districts that revealed chemical, radiation and biological
toxicity was rampant in Punjab. About 20% of the sampled wells showed nitrate
levels above the safety limit of 50 mg/L. These incidents have established a need to
promote biofertilizers and biopesticides for biological nutrient supplement and
pest management in creation of a safe environment.

For successful exploitation of microbes for sustainable agriculture, the research
efforts should get into basic, applied and strategic aspects. The basic aspects should
focus on the identification of potential microbes screening, characterization and
cataloguing the strains for all desirable traits enhancement of potential, understand-
ing the mechanism of action of these microbes, composition of the rhizosphere
population vis-a-vis beneficial microorganisms, the effect of cultivar on bacterial
population dynamics, the influence of inoculum density on antagonistic activity, the
survival of inoculum under adverse conditions and the role of environmental condi-
tions in altering the activity of microbes. The applied and strategic research aspects
should include development of cheap and viable mass multiplication protocols,
identify suitable carrier systems, develop methods for prolonged shelf-life, working
out the economics to demonstrate the usefulness of the agents, develop effective
communication methods to disseminate the technology among the end-users to get
feedback and refine technology. Despite many years of research on rhizosphere, our
knowledge is fragmentary. This is mainly because of variations in methodology
followed by various workers. For instance, the methods of counting soil populations
do not give equal opportunity to all microbes to grow on certain media. Similarly,
the variability among the microbes also makes it imperative to organize research
activities to understand and develop technologies. The recent advances in the
taxonomy of bacteria using BIOLOG, FAME and modern molecular tools now offer
a better opportunity for classification of isolates than the conventional methods.

As a long term objective, a promising approach to improve the efficiency of
rhizobacteria is combining several mechanisms of action in a single micro-organism
by genetic modification after giving due consideration to the ecological safety of
releasing large numbers of these genetically modified microorganisms.

In addition to plant growth promotion, the biocontrol ability of these microbes
should be harnessed to manage weeds that causes enormous loss in realizable yields
and degrades soil health.

Thus future thrust should be on the following lines:

1. Study the role of these microorganisms in production systems mode rather than
in isolation and optimize their application systems

2. Identify the candidate microbes as biosensors to assess soil health

3. Develop methods to conserve biodiversity of the microorganisms in the wake of
IPR and WTO regime immediately

4. Develop research networks and centres of excellence for the research on PGPRs

5. Develop a national road map for research on PGPRs

6. Create a transparent platform for participation of all stakeholders since the
success of PGPR research is ultimately decided by the active participation of
industry and research fraternity.
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12.7 Conclusions

In the current scenario biofertilizers, PGPRs and biopesticides are accepted across
the world. However, to attain maximum exposure, the regulations controlling bio-
products have to be framed exclusively. More emphasis should be given on efficient
strains selection and development, novel production and quality assessment
methodologies, delivery systems and regulatory affairs to bridge the critical gaps.
Implementation of production units in rural areas will act as a source of resource
generation, benefit the farming community as well promote eco-friendly products
for sustainable agriculture.
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Chapter 13
Tripartite Association Among Plant, Arbuscular
Mycorrhizal Fungi and Bacteria

Shipra Singh and Anil Prakash

Abstract Most plant roots are colonized by arbuscular mycorrhizal (AM) fungi
and their presence, generally, stimulates plant growth. In addition, AM fungi can
interact with different bacterial species establishing a tripartite association and rep-
resent a vital component in the plant ecosystem. These interactions may range from
loose to endosymbiotic association. In context of AM fungi, interaction with host
plant is long been studied, however, information is little on the mechanisms control-
ling interaction of bacteria with AM fungi and host plant in the mycorrhizosphere.
Understanding the interaction between AM fungi and bacteria is essential for
describing the soil-plant interface. Although there are several studies concerning
interactions between AM fungi and bacteria, the underlying mechanisms behind
these associations are in general not very well understood, and their functional
properties still require experimental confirmation. Modern tools of molecular biol-
ogy and genome sequencing have solved the questions about the identity and role of
bacteria associated with AM fungi. In this chapter, different aspects of tripartite
association among plant, AM fungi and bacteria are discussed with greater empha-
sis on associated bacterial component.
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13.1 Introduction

Mutualistic association between plant and fungi, mycorhhiza (Greek Mycos:
fungus + Rhiza: root), is the most wide spread terrestrial symbiosis. This association
is based on the plant component providing carbohydrates and other essential organic
compounds to fungi. In return the fungal component, that colonizes both root and the
adjacent soil, helps the plant to take up nutrients (those of low mobility; especially P)
by extending the reach of its root system. Although the original concept implies an
association between fungi and plant root, these associations also includes plants with
no true roots for e.g. bryophytes and pteridophytes (Smith and Read 2008).

The commonest mycorrhizal symbiosis is formed by arbuscular mycorrhizal
(AM) fungi. They all are members of glomeromycota, a monophyletic group that
diverge from the same common ancestor as ascomycota and basidomycota (Schussler
et al. 2001). The ecological importance of AM fungi is unquestionable; they cer-
tainly have contributed to structuring the plant communities in different ecosystems.
The long co-evolution period has rendered AM fungi so dependent on the symbio-
ses that they became obligate symbiont, i.e., they are unable to grow in the absence
of living host roots. However, some reports show that AM fungi can grow up to
spore production phase in vitro in the absence of plant root and in presence of some
spore associated bacteria (Hildbrandt et al. 2002, 2006). In contrast, host plants of
AM fungi can survive if deprived of their fungal partner, this condition is virtually
unknown in natural ecosystems, in which AM fungi function as true helper micro-
organisms, improving overall plant fitness.

The plant root-fungus symbiosis is established by inter- and intra-cellular growth
of AM fungal hyphae in cortical region of root. Intracellular growth is characterized
by formation of highly branched structures ‘arbuscules’ (site for nutrient exchange
between plant and fungus) or hyphal coils (Fig. 13.1). Following root colonization,
AM fungi produces runner hyphae forming the extraradical mycelium (ERM). The
ERM can explore the soil for resources beyond nutrient depletion zone and is an
important mean of translocation of energy rich photoassimilates from plant to soil.
The immediate surrounding of the ERM is commonly termed as ‘hyphosphere’ and
the soil compartment influenced by combined activities of root and AM fungi is
known as ‘mycorrhizosphere’. In the same way as the rhizosphere effect is seen for
plant roots, a mycorrhizosphere effect can be seen whereby the soil surrounding
fungal hyphae supports distinct bacterial communities compared to the bulk soil
(Linderman 1988). Mycorrhizosphere inhabitants may include intra-hyphal bacteria
in ectomycorrhizal fungi (Bertaux et al. 2003), and intra-spore bacteria in some AM
fungi (Bianiciotto et al. 1996). Some mycorrhizosphere bacteria (mycorrhization
helper bacteria; MHB) promote mycorrhiza formation, with a variety of Gram posi-
tive and negative strains involved (Garbaye 1994), although the precise mechanisms
involved are unclear. The functioning of this ERM network is of key importance in
mycorrhizal ecology because it represents not only an uptake point for soil nutrients
but also a dispersal mechanism and a complex linkage network among roots within
a plant community.
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Fig. 13.1 Colonization pattern typical of AM fungi. (a) Attachment of spore on the root surface,
(b) germination of spore outside the root, (¢) appresorium formation at the root surface just before
entry, (d) intra and inter cellular growth of hypha, (e) intracellular coil, (f) formation of arbuscules
inside cortical cells, (g) formation of vesicles, and (h) intraradicle spore formation. Arrows show
respective individual structures
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Despite advancement in our knowledge of molecular basis of plant fungus
interactions (Albrecht et al. 1999; Harrison 1999), several aspects of AM fungal
biology, particularly their genomes, are still obscure due to their biotrophic nature,
their multinuclear condition, and an unexpected level of genetic variability (Honsy
et al. 1998; Lanfranco et al. 1999). Furthermore, complexity in the study of AM
fungi arises due to the presence of endobacteria, most unculturable, in AM fungal
spores. Modern molecular tools in combination with classical morphological
approaches have stamped the presence of true bacteria (earlier known as bacteria
like organisms ‘BLOs’) in spores of AM fungi (Bianiciotto et al. 1996).

13.2 Plant-AM Fungi Interaction: Signaling
Between Symbionts

13.2.1 Presymbiotic Phase

Several plant-microbe symbioses involve detection or attraction of partners prior to
direct contact. However in some instances, a molecular dialog is essential for pro-
gression to the physical stages of interaction. Till date Rhizobium-legume symbiosis
is best characterized for their molecular dialog, in which flavonoids released from
the plant signal the biosynthesis of a bacterial signal molecule called nod factor.
Perception of nod factor by receptors on the legume roots triggers several initial
events required for physical interaction and nodule development (Denarie and
Cullimore 1993; Long 1996). Morphological aspects of AM symbiosis are well
documented but information is little at the molecular level. The establishment of
AM interaction and, in particular, fungus recognition by the host plant are mediated
by partially characterized signaling pathway, the so called common symbiosis
(SYM) pathway, partly shared with Rhizobium-legume symbiosis (Parniske 2008;
Oldroyd and Downie 2004).

Development of AM symbiosis with plant is accompanied by significant mor-
phological alterations at cellular level in both symbionts to create the novel symbi-
otic interaction. A hyphal germ tube emerges following germination from spore
present in the soil and grows through the soil in search of plant root for a short dis-
tance. Upon finding root, AM fungal hyphae are encountered by plant signals pres-
ent in root exudates. These signals identified as ‘strigolactones’ induces recursive
hyphal branching increasing the probability of direct contact between the symbionts
(Akiyama et al. 2005; Besserer et al. 2006). Akiyama et al. (2006) hypothesized that
strigolactones are not only involved as primary AM branching signals but also as
signals for the directional growth of AM fungal hyphae towards host roots. A num-
ber of flavonoids have also been reported to induce hyphal branching effect (Tsai
and Phillips 1991; Phillips and Tsai 1992; Scervino et al. 2005a, b, 2006). Since
flavonoid induced branching is found only in limited number of plant, their role as
general signaling factors for hyphal branching as a prerequisite for a successful AM
fungal root colonization is questionable.
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AM fungal signals, hypothetically known as ‘Myc factors’, present in fungal
exudates are perceived by Myc factor receptor (MFR) on root surface and thereafter
trigger calcium spiking through the activation of ‘SYM pathway’ (Kosuta et al.
2003; Kuhn et al. 2010). Such calcium spiking is also induced by nod factors in
Rhizobium-legume symbiosis. However, peak frequency of calcium spike induced
by nod factors is regular and an irregular pattern is observed in AM fungi induced
calcium spiking (Kosuta et al. 2008; Hazledine et al. 2009). Although ‘Myc factors’
are still unidentified, these were shown to be less than 3 kDa, partially lipophilic
(Navazio et al. 2007), possess a chitin backbone (Bucher et al. 2009) and induce
transcriptional activity of symbiosis related genes. Plant responses to ‘Myc factors’
range from the molecular to organ level and are part of the ‘SYM pathway’.

An analysis of calcium spiking in Lotus japonicum in response to nod factor
revealed that out of the seven SYM genes, five viz. symrk, castor, pollux, nup85 and
nup133 mutants are defective for calcium spiking, whereas CCaMK and cyclops act
downstream (Miwa et al. 2006; Harris et al. 2003). Similar results were obtained
with Medicago truncatula mutants (Kosuta et al. 2008). Mutants that have common
SYM genes do not form infection threads and, with the exception of cyclops mutants,
do not initiate nodule organogenesis (Szczyglowski et al. 1998; Catoira et al. 2000).
These findings suggest that common SYM gene products are involved in the early
stages of symbiotic signal transduction, which involves the generation and decoding
of calcium oscillations in and around the nucleus and induce early symbiosis related
gene expression.

13.2.2 Formation of Prepenetration Apparatus (PPA)

A physical interaction between symbionts (hyphal tip touches the root surface) takes
place on signal perception by both fungus and plant, and the plant cell actively pre-
pares the intracellular environment for AM fungal hyphae. Upon finding the appro-
priate location for penetration on root surface, AM fungal hypha swell, flatten and
branched repeatedly to develop hyphopodium also known as appresorium (Genre
et al. 2005). Expression of several plant genes changes in the hyphopodium area
including ENODI1 (a gene coding for a putative secreted protein) during early
stages of infection (Chabaud et al. 2002; Weidmann et al. 2004). During formation
of PPA, new genes also become active including those involved in cell wall remod-
eling and defense (Siciliano et al. 2007).

Development of PPA takes place by aggregation of cytoplasm at the contact site
which turns into thick cytoplasmic bridge across the vacuole of the host cell. Growth
direction of PPA is guided by the movement of nucleus. Secretary machinery (abun-
dant endoplasmic reticulum, several golgi bodies and secretary vesicles) is concen-
trated in PPA. Endoplasmic reticulums that decorate the PPA are ideally positioned
for the synthesis of perifungal membrane that marks the appearance of symbiotic
interface. This narrow intracellular compartment allows AM fungi to grow inside
the plant cell without breaking its integrity (Bonfante 2001). Despite this knowledge,
signals that trigger PPA formation are unknown.
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13.2.3 Development of Arbuscule: Key Structure of Symbiosis

Arbuscules (Latin arbusculum: small tree) are characteristic structures of the sym-
biosis formed by dicotanomous branching of an intracellular hypha. The exact
structure that is formed can vary depending on fungal and/or host genotype (Smith
and Read 2008). Mechanisms associated with arbuscule development are largely
unknown. However, some genes that affect arbuscule development are recently
identified. A marked decrease in epidermal penetration and total block of arbuscule
development was observed by RNA interference knockdown of vapyrin gene that
codes for a cytoplasmic protein with unknown function (Pumplin et al. 2010).

At least two signaling events were suggested by Harrison (2005) in arbuscule
development: cell autonomous and non autonomous. The cell autonomous signal-
ing would be responsible for activation of the expression of certain genes (mycor-
rhiza specific phosphate transporters, a cellulase, a chitinase and aproton ATPase)
and occurs exclusively in arbuscule containing cells. This spatial expression pattern
suggests that cell autonomous signals activate expression of these genes. Whereas,
cell non-autonomous signals are involved in activation of specific genes in cells
containing arbuscules and their immediate vicinity (a GST, a chitinase and a -13
endoglucanase). Reorganization of microtubule cytoskeleton in cortical cells adja-
cent to arbusculated cells can also be considered as a evidence for this signaling
pathway (Blancaflor et al. 2001). Using in situ hybridization, Lambais and Mehdy
(1998) showed an induction in the accumulation of transcripts encoding an acidic
chitinase in cells containing arbuscules and in their immediate vicinity suggesting
systemic signals operating in AM roots containing arbuscules.

The estimated lifespan of arbuscules is of 4—10 days (Sanders et al. 1977); after
this short period, AM fungal wall collapse in fine branches following septa forma-
tion. Eventually, this senescence extends to trunk of hypha collapsing the whole
structure. Consequently, arbuscule disappear and plant cell regains its normal physi-
ology and organization with a large central vacuole (Bonfante 1984).

13.3 Function of AM Fungi: Nutrient Exchange

Mutualistic associations are based on bidirectional nutrient exchange and, as such,
are beneficial to both partners (Fig. 13.2). This concept applies to AM symbiosis:
fungal hyphae explore the soil substratum to efficiently take up nutrients and water
to improve plant nutrition and in return obtain plant carbohydrates for successful
completion of the AM fungal life cycle.

13.3.1 Carbon Uptake and Translocation

It is generally assumed that phosphate and carbon transfer occurs at the arbuscule/
cortical cell interface, although direct evidence for carbon transfer at this interface
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