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Preface

One major challenge for the twenty-first century will be the production of sufficient
food — the United Nations Population Fund estimates that the global human popula-
tion may well reach ten billion by 2050 (www.unfpa.org). This means increasing
agricultural productivity of food crops, as plants form the basis of every food chain.
If global food production is to keep pace with an increasingly urbanized and grow-
ing population, while formulating new food production strategies for developing
countries, the great challenge for modern societies is to boost plant productivity in
an environmentally sustainable manner. The task of providing food security to our
country’s burgeoning population is becoming increasingly difficult. This challenge
must and needs to be met in the face of the changing consumption patterns, impacts
of the climate change and degradation of the finite land and water resources.
Management of land resources, in general, and potentially culturable lands, in par-
ticular, encompasses crop production methods that will keep pace with a country’s
food needs, sustaining environment, blunting impacts of climate change, preserving
and enhancing natural resources and supporting the livelihood of farmers and rural
population in the country. Thus, there is a pressing need for enlarging area under
arable lands, by the way of reclaiming degraded lands for sustainable intensification
of agriculture, in which crop yields can be increased without compromising and
yielding to adverse environmental impacts and without reducing area under forests.
The science of crop management and agricultural practices suited to lands exposed
to different stresses at present demands a specific orientation for meeting challenges
of food insecurity. In this scheme of agricultural development, effective utilization,
rejuvenation and management of degraded and wastelands by public and private
investments become imperative. In addition to the type and the extent of degrada-
tion the lands have undergone or are undergoing, appropriate management strate-
gies need to be designed and implemented in a defined time frame to bring these
lands to ‘productive health’.

Over the last decade, bacterial volatile emissions under stress and their possible
practical applications on plant growth have received increasing attention. We deter-
mined bacterial VOC-mediated antifungal activity using NA + PDA agar plates. As
shown in the Fig. 1 bacterial culture, SJ-5 was found to be antifungal in nature as it
strongly inhibited the growth of fungus mycelia 2 days after inoculation. The same
result was obtained in the volatile plate assay, and volatiles produced by SJ-5 inhib-
ited the growth of mycelium.


http://www.unfpa.org
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Fig. 1 Volatile activity of
Bacillus sp. SJ-5 against
Fusarium oxysporum

Fig.2 Effect of bacteria-mediated volatiles on mung bean seed germination under 100 mM NaCl.
Left plate, without strain, whereas right plate, with bacterial strain AU. Right plate showed signifi-
cant radical growth in the presence of bacterial VOCs

In continuation of VOC production, Pseudomonas simiae AU (MTCC no. 12057)
was grown on nutrient agar media for 24 h before plant experiment and scraped into
sterile, distilled water. The liquid suspension culture was diluted with water to yield
10° colony-forming units/ml. Bacterial culture were inoculated into one compart-
ment of a petri plate containing half Murashige and Skoog medium amended with
0.8 % agar and 1.5 % sucrose. Vigna radiata (mung bean) seeds were surface steril-
ized with 0.1 % HgCl, for 1 min and 70% ethanol for 3 min and washed three times
after both treatments with Milli-Q water (Millipore, Germany) and transferred to
the other compartment of the petri plate. Plates were sealed with Parafilm and
arranged in a completely randomized design in a plant growth chamber for 7 days
at 27 °C. There were two experimental groups with three replicates (control
+100 mM NacCl, without bacterial inoculation; AU inoculated +100 mM NaCl, with
bacterial culture inoculation). Seedlings were harvested after 7 days of incubation
period and total plant fresh weight, length and protein content were measured
(Fig. 2). The sphere of microbial VOCs for rhizobacteria could be within the soil or
above ground, and the possibility existed that VOCs are produced at sufficient levels
for aerial tissues to perceive and respond to bacterial volatiles. It is interesting to
analyse whether VOCs are by-products of various plant processes or they are
actively produced and used as a sophisticated ‘language’ by plants to pursue com-
munication with other organisms. Plants are capable of disseminating information
to their environment by employing VOCs, and plants have the capacity to change
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Fig.3 Effect of Pseudomonas simiae-mediated volatile treatment on soybean seed germination in
bipartite petri plates (I-plates). Left plate devoid of strain showed stunted growth, whereas right
plate with strain exhibited significant growth

the growth condition employing reactive VOCs. No doubt plants have evolved with
the capacity to release and detect VOCs in their environment; the emission of plant
odours transmits signals to other organisms and members of its own species.

Case Study Authors and team have performed experiments on bacterial VOC-
mediated IST in soybean.

Plant root-associated rhizobacteria elicit plant immunity referred to as IST against
multiple abiotic stresses. Among multibacterial determinants, bacterial VOCs that
induce IST and promote growth are reported in this study. This research calls atten-
tion on the role played by P. simiae AU VOCs in salt tolerance in soybean plants
directly by the reduction of Na* ions in the root and shoot and the induction of pro-
line content in the root and indirectly on the expression of VSPs, GGH and RuBisCO
large chain protein. Emissions of AU VOCs significantly increased shoot and root
growth. This was attributed to the higher IAA content in the root and lower uptake of
Na* ions, and the increase in chlorophyll content was related to the up-regulation of
chloroplast-specific protein RuBisCO. Furthermore, the up-regulation of GGH pro-
tein in salt stress indicates its role in plant metabolism and development through
folate homeostasis. Additionally, overexpression of VSPs induced by salt stress sug-
gests its role in salt tolerance by regulating Na* homeostasis, maintaining phospho-
rus content through acid phosphatase activity. Hence, the selected PGPR P. simiae
have great potential for improving crop yield. Firstly, seed germination was checked
on a bipartite petri plate containing half MS incorporated with 100 mM NaCl in one
partition and King’s B inoculated with strain AU in another partition. All seeds were
germinated but could not grow more because of space limitations (Fig. 3).

Over the last decade, bacterial volatile emissions and their possible practical
applications on plant growth have received increasing attention. The PGPR strain P.
simiae AU was previously found to promote seedling growth of Glycine max through
its plant growth promotion activities like IAA, siderophore production, phosphate
solubilization and ACC deaminase activity under salt stress condition. Herein, the
study reported for the first time that P. simiae produces a volatile blend that can
enhance soybean seedling growth and elicit IST against 100 mM NaCl stress
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condition. To overcome the difficulty encountered with plants of larger size than
Arabidopsis for studying the effects of bacterial VOCs, in a petri plate, a new VOC
assay system, based on a magenta box, was developed. Using this test system, we
found that IST elicited by VOCs released from strain AU is mediated by the induc-
tion of proteins in plant tissues. After 10 days of seedling growth, the shoot and root
length were significantly higher in soybean seedlings treated with strain AU VOCs.
It is reported that NaCl caused the depletion and precipitation of available phospho-
rus that caused restricted growth and impaired the delivery of available phosphate in
plant cells. In this study, VOC-treated seedlings showed higher phosphate content in
salt stress than non-treated seedlings. It may be caused by the acid phosphatase
activity of VSPs that release soluble phosphate from their insoluble compounds
inside the cell.

A greater understanding of how plants and microbes live together and benefit
each other can therefore provide new strategies to improve plant productivity while
helping to protect the environment and maintain global biodiversity. To date, the
application of chemicals to enhance plant growth or induce resistance in plants is
limited due to some negative effects of chemical treatment and difficulty in deter-
mining the optimal concentrations to benefit the plant. For alternative means to
solve these problems, biological applications have been extensively studied.
Collectively, our description on VOCs eliciting growth promotion suggested that
these compounds could be an environmentally sound means to grow and protect
plants under greenhouse or field conditions better. From the whole plant perspec-
tive, it still remains to be determined whether growth promotion by microbial VOCs
occurs in soil or soil-less media. To understand the nature of VOCs and gene expres-
sion profiling of plant genes, studies of these compounds can be conducted. It is
possible that VOCs produced by microbes while colonizing roots are generated at
sufficient concentrations to trigger plant responses. In conclusion, positive or nega-
tive effects of VOCs on plant productivity will be dependent upon their specific
microbial strains, plant genotype and the presence/absence of abiotic/biotic stresses.

Economic Implications of the Proposed Work
The proposal will have the following long-term socio-economic impact:

e The innovative microbial strategies developed will be employed to plants grown
under pathogen-conducive stress in the soil.

e The environment will also benefit from reduced fertilizer and pesticide use.

e The stakeholder will be able to exploit the inoculants developed.

e A dissemination of the proposed book will ensure that the whole agricultural
community can benefit from the project.

Hence, in this book, editors compiled researches carried out on volatiles pro-
duced by microbes and plants along with their biotechnological implications for
sustainable agriculture.

Chapter 1 summarizes the role of plant VOCs produced in various tissues against
stresses regarding herbivores, plant viruses, pathogens, temperature, humidity, light
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ozone, food usability, etc., and their implication for physiological processes such as
plant development, seed formation and germination, pollination and fruit ripening.

Chapter 2 briefly describes the VOCs released by bacteria in the air that interact
with their surrounding environment. Soil bacterial volatiles are known to contribute
to plant interactions, and several studies also identified their influence on plant
stress tolerance. This chapter describes the characterization of different bacterial
VOCs and their roles in enhancing plant abiotic stress tolerance, a new research
area, with potential agriculture applications.

Chapter 3 emphasizes the insight of the phytoextraction and phytovolatilization
mechanisms that are involved in the decontamination of the soil. Phytoremediation
is a green emerging technology used to remove pollutants from environment
components.

Chapter 4 describes techniques like basic chromatography and mass spectrome-
try to understand the chemical structure and function of plant and microbial VOCs.
In addition to this, modern OMICS methods give opportunity to a deep insight of
microbial diversity and strengthen the concept of volatile compound function by
providing real-time pictures of their expression and signalling. Besides, the incor-
poration of computational tools with molecular biology techniques incredibly cre-
ates a reservoir of knowledge-based database of volatile compound structure,
function, diversity, signalling and even prediction through statistical tools.

Chapter 5 highlights the diversity of VOCs present in the plant rhizosphere. The
rhizovolatiles discussed here include those produced by plants as well as by micro-
organisms inhabiting the rhizosphere. The chapter focuses on the role of these vola-
tiles in the establishment of a successful association between plants and other
organisms and their beneficial effects on plant growth and development. This will
value-add to the present understanding of the chemical cues defining the complexity
and dynamism of rhizosphere functioning.

Chapter 6 highlights the current knowledge on the expression patterns and func-
tions of some leguminous plant proteome in response to VOCs released during
biotic and abiotic stresses. The biogenesis of VOCs and their functional role in
plant-plant signalling and environmental and biological stress responses are high-
lighted. Experimental evidences revealed that a plant symbiont produces VOCs that
induce resistance to phytopathological species and PGPR.

Chapter 7 describes the role of plant VOCs for direct and indirect defence against
various abiotic stresses (like temperature, water stress, ozone, salt stress and heavy
metals) and biotic stresses (herbivores and pathogen) with above ground and below
ground impact.

Chapter 8 briefly describes the importance, chemistry and role of microbial
VOCs in defence in general.

Chapter 9 highlights the chemical measures necessary for controlling plant
pathogens and their negative impact on human health and/or the environment. It
also defines the different sources of essential oils and their antimicrobial activity
with particular emphasis on the antifungal properties exhibited against some serious
pathogenic fungi and postharvest disease.
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Chapter 10 briefly discusses the role of VOCs in microbial-microbial and
microbial-plant interactions. The effect of VOCs as inducers for enhancing crop
productivity is reviewed. Problems associated with field applications are also
highlighted.

Chapter 11 summarizes volatile-mediated interactions in a microbial community
mimicking the natural conditions of a heterogeneous soil environment along the
rhizosphere as well as the biological and ecological significance of VOC-mediated
resistance.

Chapter 12 describes the role of MVOCs wherein they can be exploited as eco-
friendly, cost-effective, disease-resistant and sustainable strategies for agricultural
practices and aims to provide a comprehensive discussion on below and above
ground interactions of microbial volatile diversity and their role against pathogenic
fungi.

Chapter 13 elaborately describes the intricate relationship of plant, herbivore and
carnivore in this tritrophic ecosystem to determine whether evolution plays any role
and to calculate the overall ecological cost to govern this complex machinery of life.

Chapter 14 focuses on the diversity of MVOCs and further discusses their poten-
tial in exploiting these bioactive molecules in sustainable eco-friendly agriculture
for improving plant growth, production and protection.

Chapter 15 elaborately describes the functionality of herbivore-induced plant
volatiles (HIPVs) in communicating with the parasitoids to prey upon attacking
herbivores. HIPVs not only help plants to interact with the natural enemies of her-
bivores but also warn the neighbouring plants of the imminent danger. Thus, HIPVs
provide a reliable mechanism for natural control of insect pests.

Chapter 16 describes PGPR-emitted VOCs that can directly and/or indirectly
mediate increases in plant biomass, disease resistance and abiotic stress tolerance.
Bacterial VOCs promote plant growth by eliciting different hormone signalling
pathways. In particular, the volatile components 2,3-butanediol and acetoin were
released exclusively from two bacterial strains that trigger the greatest level of
growth promotion and induced resistance against fungal pathogens. This chapter
focuses on recent research studies and the role of bacterial volatiles in plant growth
promotion and protection against pathogens.

Chapter 17 presents an overview of current insights of fungal VOCs on growth
and development and the defence system of plants. Numerous fungal VOCs contrib-
ute to dynamic processes, leading to myriad interactions between plants, antago-
nists and mutualistic symbionts. For better understanding of the role of fungal VOCs
at field level, more studies will offer further constructive scientific evidences on
cost-effective, eco-friendly, and ecologically produced fungal VOCs for crop
welfare.

Chapter 18 describes the role of MVOCs as an alternative strategy in lieu of
chemicals to protect plants from pathogens which provides a setting for better crop
welfare. MVOCs can modulate the physiology of plants and microorganisms and
thus can be exploited as eco-friendly, cost-effective, and sustainable strategies for
agricultural practices.
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Chapter 19 envisages the role of MVOCs with special emphasis on plant defence
and health, alluding to the potential of these compounds to control various pro-
cesses that result in plants’ elevated health and defence.

Finally, we would like to express our gratitude to the contributors upon their
consent to be a part of this book.

Noida, Uttar Pradesh, India Devendra K. Choudhary
Pantnagar, India Anil K. Sharma
New Delhi, India Prachi Agarwal
Noida, Uttar Pradesh, India Narendra Tuteja

Noida, Uttar Pradesh, India Ajit Varma



10

Plant Volatile Compounds in Growth .................ccccocovnninnnincnn.
Demet Altindal and Niiket Altindal

Characterization of Bacterial Volatiles and Their

Impact on Plant Health Under Abiotic Stress...........c..cccoccveninenennns
Anukool Vaishnav, Ajit Varma, Narendra Tuteja,

and Devendra Kumar Choudhary

Soil Reclamation Through Phytoextraction
and Phytovolatilization................c..c..cccooiiiiiiinnices
S.S. Arya, S. Devi, R. Angrish, I. Singal, and Kanta Rani

Microbial Volatiles in Defense................ccccooooiiiiiiiiiiiieiceeeeeee,
Monika, Khan Mohd. Sarim, S.S. Arya, S. Devi, Vikender Kaur,
and A. Singla

Volatiles in the Rhizosphere: Bioprospecting
for Sustainable Agriculture and Food Security............c..ccccoccoveninenn.
Shyamalina Haldar and Sanghamitra Sengupta

Volatile Organic Compounds in Food Security:
The Role of Neglected and Underutilized Legumes.............................
J. Grebosz, S.U. Dandare, A.D. Ibrahim, and A.A. Aliero

Plant Volatiles and Defense ....................cccoooiiiiiiiiiiiiieeceeeeeeee,
Kanta Rani, S.S. Arya, S. Devi, and Vikender Kaur

Microbial Volatile in Defense .............ccccccooovevviiiiiiiiiiiiiiceeeeeeeeeeee
Khaled A. Selim, Dina E. El Ghwas, Rehab M. Selim,
and Mohamed I. Abdelwahab Hassan

Plant Essential Oils for Controlling Plant Pathogenic Fungi..............
Riad Sedki Riad ElI-Mohamedy

Bacterial Volatiles: Potential Applications in Plant

Growth and Health ...
Mohd Musheer Altaf, Mohd Sajjad Ahmad Khan,

and Igbal Ahmad

xiii



Xiv

11

12

13

14

15

16

17

18

19

Contents

Bacterial Volatile in Rhizosphere.................cccoccociiiininnnnnnn, 219
Omiir Baysal and R. Soner Silme

Microbial Volatiles as Chemical Weapons Against
Pathogenic Fungi.............ccccocoiiiiiininininic e 227
Enespa and Prem Chandra

Race of Arms: Herbivore-Induced Volatiles
and Their Co-evolution.................ccccoeviieiiiiiiiiec e 255
Rabindranath Bhattacharyya and Raktim Bhattacharya

Potential of Microbial Volatile Organic Compounds

for Crop Protection Against Phytopathogenic Fungi........................... 271
B.N. Reddy and A. Hindumathi

Herbivore-Induced Plant Volatiles .................ccoooviiiiiiiiiiiiiiiieeeeee 285
A. Sabitha Rani and G. Sulakshana

Bacterial Volatiles in Promotion of Plant Under Biotic Stress............ 299

Shekhar Jain, Ajit Varma, Narendra Tuteja,
and Devendra Kumar Choudhary

Fungal Volatile Organic Compounds: Emphasis
on Their Plant Growth-Promoting...................ccccocvvnininininncnenns 313
Shafiquzzaman Siddiquee

Bacterial Volatiles for Plant Growth ..................ccocooviiiiiiiiiiiiie. 335
Sreedevi Sarsan
Microbial Volatiles and Plant Defense..................cccocvveiiiviiiiiiiiinnnn. 355

Kalaivani K. Nadarajah



About the Editors

Devendra K. Choudhary Dr. Choudhary has 15 years of experience in microbial
ecology and is currently working as an associate professor at Amity University,
Noida. Dr. Choudhary has worked on GOI-sponsored major projects as principal
investigator. As an active researcher, Dr. Choudhary has published more than 50
research and review articles along with several book chapters for reputed journals
and edited books. Dr. Choudhary has been recognized as member of the National
Academy of Sciences (MNASc).

Anil K. Sharma Dr. Sharma has completed his Ph.D. (1988) in the area of mycor-
rhiza and rhizosphere biology with special emphasis on basic and applied aspects in
bioinoculants, composting and microalgae research. Upon completion of his Ph.D.,
he went abroad for postdoctoral research work as research associate at the
Department of Biological Sciences, Grambling State University, Louisiana, USA
(November 1992-May 1994); visiting scientist at the Department of Botany,
University of Basel, Basel, Switzerland (August 2003—November 2003); and visit-
ing scientist at the Department of Environment Sciences, University of Helsinki,
Lahti, Finland (September 2013). Dr. Sharma has worked on more than ten interna-
tional and GOI-sponsored major projects as principal investigator. He has published
more than 100 research review papers in reputed journals with impact factor.

Prachi Agarwal Dr. Agarwal presently works as ‘programme manager’ with
Biotechnology Industry Research Assistance Council, a Govt. of India Enterprise,
Ministry of Science and Technology, New Delhi (since June 2012). Dr. Agarwal has
pursued Ph.D. in energy and environment (2004-2009), from the Indian Institute of
Technology Delhi, and M.Sc. in environmental science (2002-2004), from the
University of Agriculture and Technology, Pantnagar. Dr. Agarwal has published
more than 20 research and review articles along with several book chapters for
reputed journals and edited books.

Narendra Tuteja Dr. Narendra Tuteja, presently acts as director at the Amity
Institute of Microbial Technology (AIMT), Amity University Uttar Pradesh
(AUUP), Noida. Before joining AIMT, he spent years as group leader and senior
scientist at the International Centre for Genetic Engineering and Biotechnology

XV



XVi About the Editors

(ICGEB), New Delhi. Based on his contribution to science and society, he has been
elected as fellow for various science academies in India/abroad: fellow of “Third
Word Academy of Sciences’, Trieste, Italy (FTWAS); fellow of ‘National Academy
of Agricultural Sciences’, New Delhi (FNAAS); fellow of ‘National Environmental
Science Academy’, New Delhi (FNESA); fellow of ‘Indian Academy of Sciences’,
Bangalore (FASc.), fellow of ‘Indian National Science Academy’, and fellow of
‘National Academy of Sciences’, Allahabad (FNASc.).

Ajit Varma Dr. Varma currently is distinguished scientist and professor of emi-
nence at the Amity Institute of Microbial Technology (AIMT), Amity University
Uttar Pradesh (AUUP), Noida. Dr. Varma has successfully completed major proj-
ects as PI sponsored by DBT, DST, DRDO and ICAR. He has supervised more than
69 Ph.D. students and published over 374 research articles for national and interna-
tional journals of repute, as well as several major review articles and chapters in
books. He has published 83 books in the area of microbial technology and has been
the series editor for Springer-Verlag’s series on soil biology and has edited 50 vol-
umes on Soil Biology. Dr. Varma has been a member of the National Academy of
Agricultural Sciences (FNAAS) International Society of Symbiosis, Boston, USA;
and Indian Science Congress Association, Executive Council, Amity University
Uttar Pradesh.



Plant Volatile Compounds in Growth

Demet Altindal and Niket Altindal

Abstract

Plants synthesise volatile organic compounds (VOCs) in various tissues against
stresses regarding herbivores, plant viruses, pathogens, temperature, humidity,
light ozone, food usability, etc., and for physiologic processes such as plant
development, seed formation and germination, pollination and fruit ripening.
These compounds are synthesised in all parts of plants, especially flowers, fruits,
roots, xylems and cells, and just as they may be effective in the tissues they are
produced, they may be transferred to other parts of the plants and show their
effect there.

Plants communicate with living things around them by emitting numerous
different volatile compounds. They develop morphological and physiological
defence mechanisms by repulsing or attracting their enemies with these com-
pounds. Plants store these compounds produced for defence and release them in
the form of volatile gases when needed. Plant volatile compounds include iso-
prene, terpene, fatty acid derivatives, alcohols, esters, volatile oils, plant develop-
ment regulators (abscisic acid, auxin, cytokinin, etc.), phenolic compounds and
secondary metabolites.
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Headings and Heading Numbering

1. Plants produce volatile organic compounds (VOCs).

2. Plants can communicate by releasing volatile compounds.

3. Plant volatile compounds act in physiological processes such as growing, devel-
opment, seed formation and germination.

4. Plants release volatile compounds they produce for the morphological and physi-
ological defence mechanisms they develop.

1.1 Introduction

Plants, which are sources of food for bacteria, fungi, viruses, insects, nematodes,
humans and animals, have developed defence mechanisms against different stress
factors, and they regulate these mechanisms by releasing volatile organic com-
pounds (VOCs). Plant volatile compounds may be classified as hydrocarbons, alco-
hols, aldehydes, ketones, ethers and esters based on their chemical structures. In
botany, plant volatiles are usually classified into volatile terpenes, volatile phenyl-
propanoid/benzenoid and volatile fatty acid derivatives based on their varying bio-
synthetic functions (Dong et al. 2016).

Volatiles are evaporating compounds with small molecules produced by plants
(flowers, fruits, vegetables, herbs, etc.). There are more than 2000 known volatiles
in plants to date. Each volatile compound has a different smell. f-lonone volatile
compound is produced in floral, woody, sweet, fruity berry and greens, while
dimethyl disulphide sulphurous substance is produced by vegetables, onions, gar-
lic and leeks, and myrcene substance is produced by peppery, spicy berry and
plants (Peter 2012). Natural aroma or smell consists of hundreds of volatile
compounds.

During their growth and development, plants are exposed to biotic and abiotic
stress factors, and thus they develop defence systems. Among these stress factors,
herbivores, plant viruses and pathogens are biotic stresses, while temperature,
humidity, ozone and food usability are abiotic stresses. Volatile organic com-
pounds (volatiles) are synthesised in different plant tissues. In order for plant
volatiles to be released into the atmosphere, secretory cells in sweet basil can
release phenylpropanoids, or epidermal cells in mint can release volatiles such as
p-methane, diterpenes and monoterpenes (Kant et al. 2009). The places plastid
and cytosol volatiles are synthesised are plant cells. These volatiles are second-
ary metabolites whose place of synthesis is determined biochemically, and they
are classified as terpenoids, phenylpropanoids/benzenoids, fatty acid derivatives
and amino acid derivatives based on their source of production. Volatile com-
pounds in plants are transferred from primary and secondary roots to leaves,
flowers, fruits and the body by way of transpiration. These compounds are
released from the living secretion tissue with cells that have abundant cytoplasms
and big nuclei.
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Table 1.1 Functions of plant volatile compounds in some plants

Process/stress/
interactions Plant Volatile compounds | References
Plant growth Arabidopsis thaliana | Brassinosteroid Zhang et al. (2015)
Arabidopsis Abscisic acid, Lietal. (2016)
gibberellins Procko et al. (2014)
Arabidopsis, Auxin Altindal and Altindal (2013)
Brassica rapa Sage oil and thyme
Sainfoin oil
Ripening Maize Ethylene Louis et al. (2015)
Tomato Ethylene Kim et al. (2015)
Herbivores Tomato Alkaloids, phenolics | Reisenman and Riffell (2015)
Maize Terpene Fiers vd. (2013)
Cowpea Thyme oil Altindal and Altindal (2011)
Pathogens Tobacco Flavonoids, Biichel vd. (2015)
phenolics
Barley Methyl salicylate Shulaev vd. (1997)
Pollination Entomophilous Terpenes and Farre-Armengol vd. (2015)
plants benzenoid
Monkey flower Monoterpenes Byers et al. (2014)

Plant volatiles which can be stored in the plant cell in liquid form are organic

molecules that can evaporate in contact with air and form compounds with carbon
atoms. VOCs are exposed to air when mint leaves or pine needles are crushed and
they become usable for perfumery. Again, when grass is mown (green leaves are
cut), a nice smell is released.

1.2  Types of Plant Volatile Compounds

Plant volatile compounds include different organic classes such as isoprene, ter-
pene, fatty acid derivatives, alcohols, alkanes, esters and acids. These compounds
are found in various plants and they serve various physiological purposes (Table 1.1).

1.2.1 Terpenes

They are a broad and diverse class of hydrocarbons which are produced by plants,
especially Coniferales. Terpene types are hemiterpenes, monoterpenes, sesquiter-
penes, diterpenes, sesterterpenes, triterpenes, tetraterpenes and polyterpenes. Some
particular terpenes have well-known functions in plant growth and development;
therefore, they are considered primary metabolites.
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1.2.2 Alkaloids

They are naturally produced chemical compounds which have amine structures.
Alkaloids are seen mostly in Solanaceae and Papaveraceae plant families and found
less in Rosaceae, Graminaceae and Labiatae families. The highest amounts of alka-
loids are found in plants’ roots and leaves, while the lowest amounts are found in
skins, seeds and stems. Almost all alkaloids have a bitter, hot taste and they are
odourless. Some important alkaloids in plants are piperidine, pyridine and tetrahy-
dropyridine alkaloids.

1.2.3 Glycosides

They are formed by the combination of glycosidic hydroxyl (—OH) in sugar with
another substance containing OH such as cellulose, polysaccharide, phenol and
extraction of water. These are essential compounds. Glycosides are found exten-
sively in plants. Glycosides with their bitter and hot taste are probably effective for
protection against ruminants, and they act in regulation of various biochemical pro-
cesses. While glycosides exist in plants’ leaves too, they are usually found in fruit
shells and roots.

1.2.4 Essential Oils

Essential oils in plants are essential compounds for plants as they provide transfer
of all chemicals to cells and increase the plants’ resistance to diseases and pests by
strengthening their defence mechanisms. While they form the structure of hormones
in plant cells, they play roles in transfer of information among cells and plants’
defence mechanisms.

1.2.5 Plant Volatile Oils

Volatile oils are oil-like mixtures that are obtained from plants and herbal drugs by
various methods which are in liquid form in room temperature, crystallisable, pun-
gent and towable by water vapour. The smell of several aromatic, fragrant and
scented plants comes from their content of active ingredients (volatile oils). Volatile
oils exist in plants’ rhizome, body and shells, leaves, fruits and flowers. Many plant
volatile oils and monoterpenoid compounds are rapidly degradable in nature, and
they do not accumulate in the body or the environment. So, they are used to fight
against insects (Tunaz et al. 2009).

Limonene, 1,8-cineole, camphor, linalool, citronellol, citronellal and anethole
are chemical compounds with known insect repellent activities, and they are found
in volatile oils obtained from plants. Table 1.2 shows volatile oils as insect repel-
lents and their active ingredients.
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Table 1.2 Volatile oils as insect repellents and their active ingredients (Oz 2013)

Volatile oil Active ingredients

Eucalyptus oil | Globulol, epiglobulol, b-pinene, a-pinene,1,8-cineole, limonene, terpinen-
4-ol, aromadendrene, piperitone and a-phellandrene

Cedar oil Cedrol, thujopsene (a ketone), widdrol, cedrene, copaene, thujaplicin, methyl
thujate and thujic acid

Fennel oil Myrcene, a-pinene, trans-anethole, fenchone, anisic aldehyde, limonene,
1,8-cineole and methyl chavicol

Clove oil Alcohols, phenols (eugenol, acetyl-eugenol), a small amount of esters,
ketones and sesquiterpenes (a and b caryophyllenes)

Laurel oil Myrcene, methyl chavicol, a-terpineol, neral, geranyl acetate, eugenol,
chavicol, limonene, linalool, a-pinene and b-pinene

Thyme oil Camphene, thujone, a-terpinene, b-pinene, p-cymene, borneol, linalool,

carvacrol, thymol, b-caryophyllene and a-pinene
Lavender oil Limonene, 1,8-cineole, cis-ocimene, 3-octanone, camphor, linalyl acetate,
terpinen-4-ol, a-pinene, lavandulyl acetate, trans-ocimene, caryophyllene and

linalool

Mint oil Menthol, menthone, menthofuran, limonene, b-pinene, a-pinene, methyl
acetate, germacrene-d, trans-sabinene hydrate, isomenthone, 1,8-cineole and
pulegone

Basil oil Limonene, linalool, camphene, a-pinene, b-pinene, myrcene, cis-ocimene,

geraniol, camphor, methyl chavicol, eugenol, y-terpineol, camphor, methyl
cinnamate and citronellol

Rosemary oil Borneol, 1,8-cineole, camphor, bornyl acetate, a-pinene, b-pinene, camphene
and limonene

1.2.6 Secondary Metabolites

Secondary metabolites produced by plants and assumed to be waste outputs are
products of highly complicated mechanisms developed for defence, protection,
adaptation and proliferation. All plant metabolisms have phenolic compounds in
different quantities and qualities which are considered to act in plants’ protection
against some pests.

1.2.7 Phenolic Compounds

All plants create phenolic compounds as secondary metabolites in their metabo-
lisms, roles of which are not sufficiently known. This is why all foods of plant origin
contain phenolic compounds in different quantities and qualities. Phenolic com-
pounds in plants are phenolic acids (or phenol carbonic acids), flavonoids and com-
pounds with small molecules that are mostly volatile.
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1.2.8 Ethylene

It is a colourless alkene gas and an unsaturated hydrocarbon. The reaction capability
of ethylene is very high. Plants produce ethylene as a reaction to stresses such as
drought, floods, mechanical pressure and infections. Ethylene acts in processes of
fruit ripening, conversion of polysaccharide into sugar, defoliation, seed germina-
tion and budding.

1.3  Volatile Compounds in Plant Development

Substances that regulate plant development are volatile organic compounds pro-
duced by the plant; they regulate growth, development and other physiological pro-
cesses, and while they can be effective in the parts they are produced, they can be
transferred to other parts of the plant and utilised there. Plants produce these funda-
mental substances needed for their growth, development and transformation. These
substances that are produced in the plants’ body and regulate growth and develop-
ment (physiological processes) are called hormones or phytohormones (plant hor-
mones). There are several phytohormones. They are classified in five main groups
as gibberellin (GA), abscisic acid (ABA), auxin, cytokinin and ethylene based on
their similarities and effects.

1.3.1 Volatile Compounds in Seed Germination and Vegetative
Development

Abscisic acid (ABA) and gibberellins (GA) are well-known phytohormones that act
in seed germination and regulation. These two hormones affect germination in
opposite ways. While ABA inhibits germination, GA catalyses this biological pro-
cess (Li et al. 2016).

Gibberellins (GA) play an important role in eradicating seed and bud dormancy,
as well as controlling and stimulating seed germination. They are found abundantly
in developing seeds. Their amount is lower in more developed seeds of especially
dicotyledon plants. GA provides that the enzymes taking part in this process are
stimulated and play a role in the conversion of polysaccharide into sugar by moving
from the embryo to endosperm and stimulating the a-amylase enzyme to provide
energy (Zadeh et al. 2015). GA stimulates the growth potential of the embryo and
weakens the structures surrounding the embryo. Endo-f-mannanase produced in the
endosperm based on GA may help germination by providing degradation of endo-
sperm cell walls (Ogawa et al. 2003). Naturally occurring ABA plays a role in pro-
moting dormancy in seed germination, buds and seeds. Abscisic acid (ABA)
prevents germination in seeds by sustaining dormancy and ensures that germination
does not take place in arid conditions. The juglone substance that can be found in
the roots and leaves of the walnut (Juglans sp.) plant prevents germination of some
plant seeds.
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Naturally occurring ABA plays a preventive role in not only seed germination
but also plant growth, especially root development. It is effective in developing an
adaptation mechanism against stress. The auxin hormone which produces cotyledon
in plants regulates hypocotyl elongation (Procko et al. 2014). Auxins play roles in
vertical growth of plants, nutation processes and defoliation. These hormone groups
are produced in the plant’s terminal bud, and phototropism occurs with the help of
these hormones. Cytokinins regulate root and body development by working with
auxins in development of seeds, and lead to production of chloroplast, thus prevent-
ing yellowing of leaves and ageing. Growth is provided by stimulation of cell divi-
sion, and growth of offshoots and leaves from buds is induced. Gibberellins induce
rapid and abnormal elongation of the body and prevent defoliation. Abscisic acid
blocks the pores of the plant in arid conditions and increases adaptation to dry envi-
ronments by preventing loss of water from leaves. It is observed that young pine
seedlings develop very weak in forests containing high numbers of plant species in
the Ericaceae family showing allelopathic properties.

While the level of photosynthesis decreases in high temperatures for numerous
tree species, resistance to high temperature is achieved by secretion of isoprene in
birch leaves (Dong et al. 2016).

1.3.2 Volatile Compounds in Bloom and Fruit Ripening

Gibberellins stimulate bloom and early bloom and promote growth of fruits. Auxins
are effective in fruit ripening. ABAs lead to abscission in flowers and fruits, which
increases the ripening of the fruits.

Ethylene is one of the volatile compounds that play a role in plant development.
Ethylene is secreted in the ripening of climatic fruits; the volatile ethylene regulates
gene expression and softens the cell wall. While changes in volatile compounds
increase the quality and attractiveness of the fruits, higher ethylene production leads
to faster ripening. Chlorophyll loss in the fruit changes the colour, and secondary
metabolites such as carotenoids and flavonoids regulated by ethylene and ABA are
produced. From the development to the ripening of the fruit, glycose and fructose
accumulate, citric and malic acids are created from organic acids, which in turn
establish the taste of the fruit. Volatile compounds also determine the flavour of the
fruit (Gémez et al. 2014).

About 900 different volatiles were found in fruits and vegetables. Ethylene also
plays an important role in flavour creation in climacteric fruits. In a study on grape
plants, ester, ketone and lactone compounds emerged after the veraison period, their
levels increased up to the point of harvesting, and these compounds’ scent activity
values were higher than those of others (Chang et al. 2015).

Amount of ester increases starting at postpollination to the postharvest ripeness.
Most aldehydes are produced in high amounts in early growth and harvest periods
(Beaulieu and Grimm 2001). Aldehydes, hydrocarbons, alcohols, acids and ketones
are volatile chemicals which play a part in the smell and flavour of numerous fruits.
Volatile esters provide genuine flavour to the fruit.
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1.3.3 Volatile Compounds in Promoting Pollinators

Fragrant secondary metabolites secreted in flowers are at least as attractive as
colours for many insects, birds and mammals. The most important secondary
metabolites responsible for scent in flowers are monoterpenes (such as linalool,
limonene, citronellol and geraniol), sesquiterpenes (such as a-bisabolol, f-ionone
and farnesol), aromatics (such as vanillin, eugenol and methyl eugenol), aliphatics
(such as pentadecane and octanol), monoamines (such as methylamine, ethylamine
and propylamine), diamines (such as putrescine and cadaverine) and indole alka-
loids (such as indole and skatole). Pollinator insects are highly sensitive about dif-
ferent scent components. Using the scents that attract these insects as pheromones,
for example, spraying the plants that are highly dependent on cross-pollination with
these chemicals in time of flowering, may increase the amount of pollinator insects,
and products can be obtained with higher efficiency and quality.

Plants attract pollinator insects and achieve reproduction with cross-pollination.
More than 85% of flowery plants need insects for the pollination to happen. Studies
focus on flower scents and plants that attract pollinators. Bees act as pollinators
based on smell, rather than flower colour. They also communicate with other bees
and find hives based on their sense of smell, instead of following flower colours.

Flowers on plants produce volatile compounds in varying and high amounts for
pollination, and benzenoids are found in flower scents as VOCs.

Nectar, which contains volatile primary metabolites (sugars and amino acids)
and secondary metabolites (alkaloids, phenolic amino acids that are not proteins
with attractive and repulsive properties), is an important component.

1.4  Volatile Defence Against Herbivore Insects and Fungal
Pathogens

Plants may be subjected to natural predators such as pests, nematodes, pathogens,
fungi, bacteria and viruses, which decrease their yield and quality. Plants have
developed various defence mechanisms against these biotic stresses.

While there are still not enough studies about the effective mechanisms of vola-
tile oils and their components which are effective against pests in general, there are
some studies about defence mechanisms that prevent feeding or have insecticidal
effects (Roy and Das 2015; Shahab-Ghayoor and Saeidi 2015).

Secondary compounds found in plants (volatile oils, alkaloids, glycosides, etc.)
are used as raw material for drugs, in addition to being found effective against pests.
In the studies conducted (Wang et al. 2015; Degenkolb and Vilcinskas 2016), it was
reported that some plants counteract and even kill some pests (nematodes) with the
substances they secrete. Repellents which have an important place in biological
struggle may be classified in two groups as natural and synthetic. It is reported that
some significant natural repellents are Pyrethrum, Artemisia and Mentha species
and secondary compounds like volatile oils. Secondary compounds in plants are
studied in two groups as repellents and deterrents.
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More than 2000 plant species have natural insecticide properties. For example,
the pyrethrin substance found in Pyrethrum (Chrysanthemum cinerariaefolium)
flowers has been used as insecticide material since the nineteenth century. Europeans
learnt in the beginning of 1800s that dried flower powders of the Pyrethrum plant
used by African natives as an insecticide was significant for Persians, and it was
exported from Europe to the United States in the beginning of the twentieth century.
These flower powders have been used by Westerners as a source of pyrethrin to
produce fly spray for 160 years.

Today, another natural insecticide which is a tropical and subtropical plant is
neem tree (Azadirachta indica), whose plants are used as a source of azadirachtin.
Fruits, seeds and leaves of this plant contain various compounds which kill insects,
prevent fungi from growing and developing and restrict the infective abilities of
plant viruses.

Again, the volatile oil rich in pf-asarone which is derived prom sweet flag plant
(Acorus calamus) leads to infertility in insects and shows insecticidal properties.
Methyl jasmonate is secreted from the wounded tissues of plants attacked by insects
and animals, and it leads healthy plants which receive the smell to take precautions
against possible attacks by insects and animals. The hordenine alkaloid found in
barley (Hordeum vulgare), carvacrol found in oregano (Oreganum sp.) volatile oil
and 1,8-cineole found in eucalyptus (Eucalyptus sp.) volatile oil are allomones
which have strong allelopathic effects on other plant species.

Combined secretion of terpenoids, phenylpropanoid compounds and acid deriva-
tives with volatile oils shows indirect defensive effects, while proteinase inhibitor,
polyphenol oxidase activation and peroxidase play a direct role in the defence
mechanism (Huang et al. 2015).

Terpenes play a defensive role in many plants against herbivores, and they are
dissuasive for many herbivore mammals and insects because of their toxic effects.
This is why they have important roles in plant defence. For example, monoterpene
esters known as pyrethroids which are found in leaves and flowers of Chrysanthemum
species show dramatic insecticidal effects. As they are unstable in nature and they
have a negligible toxicity effect on mammals, both natural and synthetic pyrethroids
are popular compounds used in commercial insecticides.

Monoterpenes accumulate in resin canals in needles, branches and bodies of
coniferous plants like pines and firs, and these compounds have toxic effects on
numerous insects including Scolytidae which give great harm to coniferous plants
worldwide.

Certain mono- and sesquiterpenes in maize, cotton and wild tobacco are pro-
duced and secreted after the insects feed. These chemicals not only repel herbivo-
rous insects that leave their eggs on the plants, but they also attract predatory and
parasitic insects that feed on those herbivorous insects. Therefore, they minimise
the potential harm, and their functions are not limited, in that they provide help for
plants from other organisms.

While essential oil attracts insects and facilitates pollination, it also disperses sun
beams by evaporating in the air to protect the plant from heat. In some cases, essen-
tial oils act as protective agents against harmful rodents, insects and bacteria which
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bring disease. Essential oils are chemically heterocyclic, hydroaromatic and fra-
grant combinations. Just as in fatty combinations, essential oils are composed of
carbohydrates, thio acids, phenols, aldehydes, ketones, alcohols, carbonic acids,
esters and especially terpenes (mono-, sesqui-, dipolyterpenes), besides causing
their scent as oxygen combinations.

As essential oils are effective against pests in an inhalative way because they are
composed of volatile compounds, studies focus on fumigant effect mechanisms and
mostly storehouse pests (Altindal and Altindal 2011; Hamza et al. 2016; Ja-Eun
et al. 2016). These implementations are achieved by fumigation of essential oils in
an enclosed environment for a certain time.

Phytoncides are of the volatile essential oil branch (though some are not volatile)
and they have a role to kill microbes. They carry antibiotic properties and eliminate
many harmful and vector microbes and viruses in the air. They are found in almost
all plants in different chemical structures. Particularly some vegetables like onions
and cabbages carry significant amounts of phytoncides. Phytoncides are also found
in plants such as garlic, horseradish (Armoracia rusticana L.), lemon and milfoil.

In contact effect implementations, essential oils are sprayed on pests, and they
show their effects by the absorption of the substance by cuticula. Repellent effect
occurs by the insect feeling the volatile oil in the air and fleeing the place. This
effect may continue until the complete evacuation of the oil from the place based on
the properties of volatile oil components.

Feeding inhibitors are compounds that temporarily or permanently prevent feed-
ing based on their potential when they are consumed by insects. Essential oils affect
the insect’s peripheral nervous system by their dissuasive effect and prevent the
continuation of feeding. Toxic effects disrupt physiological and biochemical activi-
ties after consumption by the insect.

Insect repellent effects of volatile oils are well known. There are found frequently
in outward facing secretion hairs on plants, and they act as “warning signs” for tox-
icity as they repel the insect before it even feeds on the plant.

In many studies on phenolic substances (Biichel et al. 2015; Randriamanana
et al. 2015), it was reported that phenols form a defensive mechanism in plants’
protection against pathogens and herbivores.

Specific plant hormones such as ethylene are synthesised against most pathogens
and pests. As a result of infection with the pathogen, signals which induce defence
mechanisms are transmitted, and local and systemic antimicrobial defence is
achieved. Ethylene is a signal compound which plays an important role in inducing
defence reaction in plants by acting as a signal.

Considering the insect killing effects of plant volatile oils and compounds, their
insecticidal effects were studied on P. americana, and the highest toxic effect was
observed with the carvacrol compound (Ramirez-Lopez et al. 2016). In another
study, it was observed that allyl isothiocyanate and garlic volatile oil have high
insecticide effect on Blattella germanica (L.) (Dictyoptera: Blattellidae) adults, and
it may be used as a fumigant against this pest (Tunaz et al. 2009).

A significant portion of herbivore insects prefer plants with high nitrogen con-
tent. It is known that herbivore insects, as in Orthoptera, Coleoptera and Lepidoptera
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orders, usually require equal amounts of proteins and carbohydrates, while phloem
and grain insects require higher amounts of carbohydrates. Based on their content
of cellulose, plants develop mechanical resistance against digestive enzymes of
insects, or the phenolic compounds in the food directly bind with digestive enzymes
and affect the insect’s digestion activities negatively.

Plants release VOCs against herbivores and attract the predators of herbivores.
For instance, maize plant attacked by caterpillar releases terpenoid to repel herbi-
vores and attract bees, which are enemies of herbivores (Fiers et al. 2013).

Defence signals are transmitted as soon as the herbivore insect starts feeding on
the plant. Caterpillars affect the leaf tissue damage, quality and amount and remove
plant tissue in about the size of leaves. Lima beans (Phaseolus lunatus) also release
similar compounds against caterpillar damages.

There are an insufficient number of studies conducted on defence systems in dif-
ferent plant species. The studies conducted so far have mostly been on ants and
Spodoptera larvae that feed on plants like Arabidopsis, maize, rice, tomato and
tobacco. It was reported that jasmonic acid is produced in high quantities in the
tobacco plant as a defence signal against caterpillars (Paré and Tumlinson 1999). It
was indicated that Fusarium infection transmitted by the soil on leaves and/or roots
in maize may induce secretion of volatiles (Piesik et al. 2011). Antifungal activity
was found in volatile oils in birch leaves, and it was found to be highly effective
against plant pathogens (Yasar 2005). Conducted studies revealed that substances
(B-caryophyllene, linalool) that attract EPNs (entomopathogenic nematodes) are
secreted by infected or damaged plant roots (Laznik and Trdan 2016).

There is a very limited amount of information about the roles of plant volatile
compounds against pathogens. VOCs make plants resistant to pathogens. Besides
their signalling function, volatile compounds may also inhibit the development of
pathogens and contribute in resistance (Quintana-Rodriguez et al. 2015). In terms of
defence reactions, it was reported that ethylene production is in coordination with
plant resistance and it provides warning about disease development (Martinez-
Hidalgo et al. 2015).
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Characterization of Bacterial Volatiles
and Their Impact on Plant Health Under
Abiotic Stress
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Abstract

Bacterial released volatile compounds (VOCs) in air enable bacteria to interact
with their surrounding environment. Soil bacterial volatiles are known to contrib-
ute to plant interactions, and several studies also identified their influence on
plant stress tolerance. Plant growth-promoting rhizobacterial (PGPR)-mediated
VOC:s are reported to increase seedling emergence, plant weight, crop yield, and
stress resistance. The present chapter describes the characterization of different
bacterial VOCs and their roles in enhancement of plant abiotic stress tolerance, a
new research area, with potential agriculture applications.

Keywords
Abiotic stress ® Bacterium ¢ Plant growth-ptomoting bacterium e Volatile organic
compounds  C4-bacterial volatiles

2.1 Introduction

Plants live naturally with many microorganisms, and the nutrient-rich environment
of the rhizosphere is especially conducive to interactions between microorganisms
and plants. Plants release different products through the roots into the surrounding

A. Vaishnav
ICAR-National Bureau of Agriculturally Important Microorganisms (NBAIM),
Mau, Uttar Pradesh, India

A. Varma ¢ N. Tuteja * D.K. Choudhary (P<)

Amity Institute of Microbial Technology (AIMT), Block ‘E-3’, 4th Floor, Amity University
Campus, Sector-125, Noida, Gautam Buddha Nagar 201303, Uttar Pradesh, India

e-mail: dkchoudharyl @amity.edu

© Springer Nature Singapore Pte Ltd. 2017 15
D.K. Choudhary et al. (eds.), Volatiles and Food Security,
DOI 10.1007/978-981-10-5553-9_2

2


mailto:dkchoudhary1@amity.edu

16 A.Vaishnav et al.

area that attract a tremendous diversity of microorganisms (Perry et al. 2007). Some
of these microorganisms have no observable effects on plant; others enhance or
inhibit plant growth. Plant growth-promoting rhizobacteria (PGPR) can stimulate
plant growth or increase tolerance by producing nonvolatile substances, such as the
hormones auxin and cytokinin, as well as l-aminocyclopropane-1-carboxylate
(ACC) deaminase, which reduces plant ethylene levels, and siderophores, which
facilitate root uptake of metal nutrients. In addition, certain PGPR promote plant
growth by emitting volatile organic compounds (VOCs) (Vaishnav et al. 2017).
Volatile compounds have low molecular weight (<300 Da) and high vapor pressure
(0.01 kPa at 20 °C) in nature that can readily evaporate and diffuse through hetero-
geneous mixtures of solids, liquids, and gasses (Audrain et al. 2015). The spectrum
of bacterial VOCs is influenced by heterogeneity of soil, which depends on bacte-
rial/plant-secreted metabolites. Some VOCs are specific for a phylogenetic group
and used for taxonomic purposes (Kai et al. 2016). The volatile compounds are
generally produced as metabolic end products of anaerobic fermentation processes
and extracellular degradation of complex organic molecules. The widely differing
species of bacteria were capable of emitting a variety of volatile compounds, com-
prising of fatty acid derivatives, terpenoids, and aromatic, nitrogenous, and sulfu-
rous compounds. Interestingly, many of the substances found in the bacterial scent
spectra have not been identified yet, and their biological roles are also unknown. By
referring to a few known examples and by comparison with known functions of
scents from other groups of organisms, it is assumed that the bacterial scents serve
as signal compounds for interspecies and intraspecies communication or from cell
to cell, for the disposal of excess carbon compounds, or as substances that stimulate
or inhibit growth (Wenke et al. 2010). Many investigations concerning VOC pattern
of soil microorganisms were performed under different treatment conditions. Bolm
et al. performed a large screening of volatile-mediated effects on Arabidopsis thaliana.
The VOC effect was found highly dependent on cultivation medium and the inocu-
lum quantity. The production of beneficial VOC compound butanediol was found
higher on the nutrient-rich media LB and MR-VP and less pronounced on MS and
Angel. In another study, P. simiae strain AU changed VOC pattern in the presence
of soybean seeds and sodium nitroprusside (SNP, a nitric oxide donor) treatment.
Some compound expression was enhanced in the presence of soybean seedlings,
and few compounds like 4-nitroguaiacol and quinolone are newly expressed in the
presence of SNP. These compounds were showed significant enhancement of seed
germination and higher fresh weight of soybean under 100 mm NaCl stress
(Vaishnav et al. 2016). As a result of the increasing interests in VOCs in mediating
plant-microorganism interactions, the present chapter focuses on the chemical
nature of microbial VOCs, as well as the effects of microbial VOCs on tolerance
level of plants under abiotic stresses.
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2.2 Chemical Side of VOCs

Solid-phase microextraction (SPME) and dynamic headspace volatile analyses have
revealed that PGPR strains have the requisite machinery to synthesize a wide range
of volatiles, including short-chain aliphatic aldehydes, esters, alcohols, organic
acids, ethers, ketones, sulfur compounds, and hydrocarbons.

2.3  Hydrocarbons

These products are derived from fatty acid biosynthetic pathways. Short-chain
alkanes (decane to tetradecane) are found in bacteria, while longer hydrocarbons
such as hexadecane are particularly abundant in cyanobacteria, which are also
known for their ability to synthesize branched hydrocarbons (Audrain et al. 2015).
In a volatiles profiling study, Paenibacillus polymyxa strain E681 was exclusively
released long-chain C13 tridecane which augments ISR and protected Arabidopsis
seedlings against the biotrophic pathogenic bacterium Pseudomonas syringae pv.
maculicola ES4326 (Lee et al. 2012). The priming with pure tridecane compound at
10 mM increased 4.7-fold in transcription of pathogenesis-related gene (PR1)
before pathogen challenge and 3.3-fold increase at 3 h after pathogen challenge.
Some other hydrocarbons like isoprene, acetylene, cyclohexane, 1-undecane, and
dodecane were also found in P. polymyxa E681-derived VOCs blend. An n-decanal
volatile compound derived from different Pseudomonas sp. was found to com-
pletely inhibited Sclerotinia sclerotiorum suggesting its role in biological control
(Fernando et al. 2005). Recently, Vaishnav et al. (2016) demonstrated the effect of
pure tridecane compound on soybean seed germination under salt stress. Seed ger-
mination was found higher in the presence of tridecane as compared to control.

2.4 Ketones/Alcohols

PGPR strains B. amyloliquefaciens IN937 and B. subtilis GB03 were found to pro-
duce acetoin (3-hydroxy-2-butanone) compound that triggers growth promotion
and resistance in Arabidopsis seedlings. The acetoin and its oxidized form 2,
3-butanediol are derived from anaerobic fermentation of pyruvate. In vitro produc-
tion of 2, 3-butanediol is also favored in the presence of sucrose as a major nutrient
in growth media (Ryu et al. 2004). 2R, 3R-butanediol derived from P. chlororaphis
06 was found as major determinant in inducing resistance to drought in Arabidopsis
through an SA-dependent mechanism (Cho et al. 2008). In addition, short-chain-
branched alcohols such as 3-methyl-1-butanol and 2-methyl-1-butanol were also
found to accumulate in B. amyloliquefaciens IN937a producing VOCs. These com-
pounds are formed by enzymatic conversion of branched chain amino acids, i.e.,
leucine and isoleucine via the Ehrlich pathway (Marilley and Casey 2004). Long-
chain aliphatic alcohols (i.e., 1-octanol, 1-decanol, and 1-dodecanol) are commonly
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associated with Enterobacteriaceae; they are produced through f- or a-oxidation of
fatty acid derivatives, and thus, their concentration are markedly increased from
cultures supplemented with fatty acids (Hamilton-Kemp et al. 2005). 1-Hexanol
produced by Pseudomonas sp. (Fernando et al. 2005; Vaishnav et al. 2016) and
Bacillus sp. (Chaurasia et al.) has been reported as a potential plant growth pro-
moter and antifungal compound. During a large screening of VOCs, 1-hexanol was
found most release compounds from 42 different bacterial strains and appeared to
promote plant growth (Blom et al. 2011).

2.5 Acids

Short-chain fatty acids like acetic acid are derived from VOCs of an antagonist bac-
terium Burkholderia tropica which is found to inhibit the growth of four phyto-
pathogenic fungi, Colletotrichum gloeosporioides, Fusarium culmorum, Fusarium
oxysporum, and Sclerotium rolfsii (Tenorio-Salgado et al. 2013). A salt-tolerant
PGPR bacterium P. simiae AU produced different types of acids in VOC blend, i.e.,
stearic acid, phthalic acid, acetic acid, oxalic acid, myristic acid, hexadecanoic acid,
etc. The exposure of P. simiae-mediated VOCs is found to induce tolerance in soy-
bean plants against salt stress (Vaishnav et al. 2016). These acids are major by-
products of anaerobic metabolism; indeed, they are formed during bacterial
fermentation of carbohydrates.

2.6 Sulfur Compounds

Dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) are produced by most
of PGPR strains. Benzothiazole compound was derived from different Pseudomonas
spp. and showed potential in the inhibition of sclerotial activity and enhanced salt
tolerance in soybean plants (Fernando et al. 2005; Vaishnav et al. 2016).

2.7 Inorganic Compounds

Hydrogen cyanide is mostly produced by virulent bacterial strains (e.g.,
Pseudomonas or Chromobacterium species). It is a potent inhibitor of cytochrome
c oxidase and of other metal-containing enzyme, hence responsible for plant-killing
effects (Blom et al. 2011). Cyanide production by rhizosphere bacteria is consid-
ered as a plant growth-promoting trait which is used as biocontrol against phyto-
pathogenic fungi (Voisard et al. 1989).
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2.8 TestSystems

Two types of systems are mainly used for volatiles studies as follows: (a) a closed
setup (Petri dish or box) and (b) a directed airflow in order to transport the volatiles
to the plant.

29 Closed Systems

More than half of all volatile studies were operated by passive diffusion using par-
tite Petri dishes. A plastic border separates the dish into two (I-shaped) or three
(Y-shaped) compartments (Fig. 2.1a). Bacteria and plants/pathogens are inoculated
in individual compartment which make them physically separate to each other. The
exchange of VOCs is facilitated solely via headspace. To prevent the escape of
VOC:s, Petri dishes are sealed with parafilm. In order to extract the volatile com-
pounds, experiment is performed in tripartite Petri dishes. In this, one partition con-
tained bacterial culture, second inoculated with plant seeds/pathogen, and in third
sterile-activated charcoal placed. Activated charcoal has a good adsorbent quality;
therefore, it is mainly used to collect the VOCs in a closed setup. After incubation
period, the activated charcoal is collected and washed with any organic solvent
according to the aim of the study. In many studies, dichloromethane (DCM) was
used to extract all trapped volatile compounds, which were posteriorly analyzed by
gas chromatography-mass spectrometry (GC-MS). This way, Fernando et al. (2005)
found that mycelial growth was completely inhibited in the presence of bacterial
VOCs which streaked in a different compartment. Mycelial growth was unaffected
by the presence of volatile-producing bacteria, when the third compartment of the

Bacterial culture inoculated
on nutrient agar medium

Seed inoculated on Murashiag
& Skoog agar medium

(B]

Fig. 2.1 Passive diffusion of VOCs in closed system (a) tripartite Petri plate with activated char-
coal, bacterial culture and seed; (b) Magenta box
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plates was amended with activated charcoal. Charcoal adsorbs volatiles as soon as
they are produced, and hence no inhibitory effect was observed. Plant growth pro-
motion was also observed with partitie Petri dish setup by Ryu et al. (2004), Blom
etal. (2011), and Vaishnav et al. (2016). The limitation of this setup is narrow head-
space; therefore, only young plant seedlings can be sampled. Most of the studies
were performed with A. thaliana plants, because of its small size and its short life
cycle. For other test plants and for attempts to use adult plants, bigger growth con-
tainers were designed (box systems) (Vaishnav et al. 2015) (Fig. 2.1b). In another
approach, Park et al. (2015) inoculated Pseudomonas fluorescens SS101 in a plate
which placed beneath the soil at the bottom of the pot. A filter is also placed above
the plate to ensure that only VOCs could transfer between the plate and the soil.
Tobacco seeds were sown onto the soil and after 4 weeks of sowing, the authors
observed significant growth stimulation with an increase of fresh weight of tobacco.

2,10 Dynamic Air Stream Systems

In this system, a continue flow of purified air passed over bacterial culture plate and
subsequently reached to targeted parts of plant (aerial/root) (Fig. 2.2). In this way,
Kai and Piechulla (2009) performed experiment with S. plymuthica-derived VOCs
by targeted aerial and roots of adult A. thaliana plants. For aerial part, they used a
mini growth chamber in which VOCs enriched air directly reached from culture. For
root, plants were kept in a perforated glass bowl and placed over a second glass
bowl which attached with an air inlet. Air enriched with VOCs entered the lower
compartment and reached to roots of the plants.

2.11 Characterization of Volatiles

The identification of volatiles is usually accomplished using gas chromatography
coupled most often with mass spectrometry (GC-MS) in electron ionization mode
(EI). The number of detectable volatiles in bacteria generally increases when

Air

l Air flow
e fartiow .

Membrane o
ez r:>[ Chareoal filter E.:,>| sterile filter

Fig. 2.2 Dynamic air stream system targeting the aerial plant parts
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various techniques are applied. Hence, multiple approaches are used in combination
with GC-MS., e.g., headspace airflow systems with GC-MS, trapping materials —
static solid-phase microextraction (SPME) with GC-MS, and proton transfer reac-
tion/mass spectrometry (PTR-MS). Headspace volatiles can be collected through
air flow onto an absorbent filter and released by rinsing the filter with organic sol-
vent. On the other hand, VOCs can be collected by SPME and directly released into
a heated GC injector. SPME can extract volatiles from bacterial cultures in a rela-
tively short amount of time and has been successfully used to collect them in several
systems (Farag et al. 2013). In SPME, fiber plays role in absorbing of compounds
based on their polarity and size. In the case of rhizobacterial volatiles, divinylben-
zene/carboxen/PDMS fibers are mainly used. These fibers adsorb polar low molecu-
lar weight VOCs, which are the predominant VOCs released from rhizobacteria.
Proton transfer reaction mass spectrometry (PTR-MS) technique allows online
VOC measurements. This technique is also combined with GC or time of flight
(TOF). After MS analysis, compounds are identified by comparison of their mass
spectral fragmentation patterns with mass spectra libraries such as WILEY and
NIST. Several times the identification cannot be possible on the basis of mass spec-
tral libraries alone. In such condition, retention indices, derivatization, and compari-
son with reference compound are better alternate to elucidate the compound
structure.

2.12 The Effects of Bacterial Volatile Emissions on Plant
Abiotic Stress Tolerance

During the last few years, an increasing number of PGPR VOC:s studies have dem-
onstrated an effect on induced systemic tolerance (IST) against abiotic stresses.
Under high salt concentration, excessive sodium (Na*) creates both ionic and
osmotic stresses in plants, leading to suppression of plant growth and reduction in
crop yields. The entry of Na* ion is controlled by several transporters in which high-
affinity K* transporter (HKT1) plays a major role. A soil bacterium Bacillus subtilis
GBO03-mediated VOCs has been reported to regulate HKT1 expression and con-
ferred salt tolerance in Arabidopsis thaliana. The expression of HKT1 was tissue
specific, GBO3 concurrently down- and upregulates HKT1 expression in roots and
shoots respectively, resulting lower Na+ accumulation in the plant as compared with
controls (Zhang et al. 2008). Plants adjust their endogenous metabolism to cope
with osmotic and ionic stress. Bacterial VOC-mediated salt tolerance was reported
in soybean plants; P. simiae strain AU released such VOCs that not only decreased
root Na* levels but also increased the accumulation of proline, which protect cells
from osmotic stress. In addition, soybean plants showed higher level of vegetative
storage protein (VSP), gamma-glutamyl hydrolase (GGH) and RuBisCo large-
chain proteins that are known to help sustain plant growth under stress conditions
(Vaishnav et al. 2015). P. simiae was found to emit 4-nitroguaiacol and quinolone
compounds in the presence of nitric oxide donor sodium nitroprusside that were
found to promote soybean seed germination under 100 mM NaCl. VOCs exposure
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induced antioxidative enzymes and nitrate reductase gene expression in soybean
plants that relieve the negative effects of salt stress (Vaishnav et al. 2016).
Paraburkholderia  phytofirmans PsJN emitted 2-undecanone, 7-hexanol,
3-methylbutanol, and dimethyl disulfide compounds that directly effect on bacterial
colonization, increasing plant growth rate and tolerance to salinity (Ledger et al.
2016).

Plants have their own mechanism to protect against osmotic stress. During
drought condition, plant accumulates osmolytes and increase antioxidant activity to
nullify the effect of osmotic stress outside the cell and reactive oxygen species
inside the cell, respectively. Bacillus thuringiensis AZP2 and Paenibacillus poly-
myxa B primed wheat seeds showed enhanced tolerance against drought stress.
Primed seeds were exhibited higher survivorship, dry mass, water use efficiency,
and antioxidant enzyme activity. Three volatile compounds benzaldehyde, b-pinene,
and geranyl acetone were found to emit from wheat seedlings and effective to miti-
gate early phases of stress development (Timmusk et al. 2014). In addition to adap-
tive responses, an increase in the plant hormones abscisic acid (ABA) and salicylic
acid (SA) causes stomatal closure to minimize water loss through transpiration. In
an experiment, root colonization of Arabidopsis plants with P. chlororaphis O6
induced tolerance to drought that was correlated with reduced water loss with sto-
matal closure. Drought tolerance was found to mediate by 2R, 3R-butanediol vola-
tile compound produced by P. chlororaphis O6. In the lack of 2R, 3R-butanediol
production, no induction of drought tolerance was found. Further study demon-
strated free SA, NO, and hydrogen peroxide in P. chlororaphis O6-colonized
drought-stressed plants which suggested a primary role of these signaling molecules
in induced drought tolerance (Cho et al. 2008, 2013). In a VOC assay setup, Bacillus
subtilis GBO3 exposure increased an enzyme expression of choline synthesis phos-
phoethanolamine N-methyltransferase (PEAMT) resulting enhanced pool of cho-
line and glycine-betaine in Arabidopsis plant under osmotic stress. Certain bacterial
VOCs are involved in biofilm formation, which contain exopolysaccharides as
major constituents, and these polysaccharides maintain soil moisture content and
increase drought tolerance in plants (Naseem and Bano 2014).

Iron is a limiting nutrient for plants due to its minimal solubility in soils. Iron
solubility decreased in the presence of high salt concentration. As a result, iron
deficiency can occur in the plants and affect their metabolism. In a study, Bacillus
subtilis GBO3-mediated VOCs activate the plant’s iron acquisition machinery to
increase assimilation of metal ions in Arabidopsis. GBO3 VOCs upregulates gene
expression of Fe-deficiency-induced transcription factor 1 (FIT1), which is neces-
sary for two iron transporter induction FRO2 and IRT1. On the other hand, VOCs
also enhanced the acidification media by enhancing root proton release, which
increased iron mobility in plants (Zhang et al. 2009). Higher salt concentration also
reduces sulfur (S) availability in the soil. Sulfur is an essential element in cysteine
and methionine amino acids, and its deficiency represses the photosynthesis activity
and productivity. Plant uptakes sulfur through soil or airborne compounds, includ-
ing volatile compounds emitted by soil bacteria like dimethyl disulfide (DMDS).
Emission of DMDS was found from a PGPR Bacillus sp. B55, which enhanced the
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S content in Nicotiana attenuata plants grown in S-deficient soils or impaired S
uptake/assimilation/metabolism (Meldasu et al. 2013).

2.13 Conclusion and Future Prospective

This chapter reports the potential role of bacterial VOCs as airborne signals in plant
interaction with beneficial effects. In many reports, bacterial VOCs enable plants to
adapt to various environmental stresses and ultimately enhance plant growth.
Despite that, many aspects of VOC interaction with plants are still poorly character-
ized. The combined analysis of metabolic and gene expression profiles will likely be
an increasingly powerful approach to identifying the mechanism of plant perception
for bacterial VOCs. Moreover, systematic use of radiolabeled VOC compounds will
reveal how plants assimilate VOC components as metabolites. The question of how
bacteria respond to diverse environment to produce VOCs could be addressed by
screening of compounds based on different parameters, as well as by monitoring
transcriptomic, proteomic, and metabolomic changes in response to different
environments.
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Soil Reclamation Through
Phytoextraction and Phytovolatilization
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Abstract

Environmental pollution becomes most severe due to anthropologic actions
including domestic waste generation and excessive utilization of fertilizers and
pesticides to get better yield. Although the phenomenon of hyperaccumulation of
metal ions in shoots of certain plants is known since long, the contemporary
environmental concerns have prompted broad-based studies on hyperaccumula-
tor plants that can phytoremediate contaminated soils. Phytoremediation is con-
sidered as an eco-friendly technology which is deployed to alleviate pollutants
from environment components. The present chapter discusses phytoextraction
and phytovolatilization mechanisms that are involved in the decontamination of
the soil.

Keywords
Phytoremediation ¢ Salinity ® Hyperaccumulator ¢ Pollutants

3.1 Introduction

Phytoremediation (phyto, plant, and remedium, restoring balance) is visualized as
benign technology that depends upon the remarkable ability of some plants to
remove or neutralize various chemicals (organics and metal ions) from the soil,
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water, and air (Sarma 2011). It is very eco-friendly, cost-effective, aesthetically
pleasing, and noninvasive to redress the alleviation of environmental hazards
(Elizabeth 2005). Phytoremediation is brought about by plants having the ability to
extract and accumulate the toxic metals or ions in the aboveground shoots (phytoac-
cumulation), or removing or decomposing various organic chemicals from the soil
(phytodegradation), or acting as “filter” to remove toxic matter from an aqueous
environment (rhizofilteration).

To complete the increasing demand of world population, there is excessive utili-
zation of fertilizers and pesticides to get better yield. So, today environmental pol-
Iution becomes most severe also due to anthropologic actions including domestic
waste generation (Kabata-Pendias and Pendias 1989). When excessive heavy met-
als/ions are present in the environment, a large amount absorbed by plant roots
translocated to upright direction leading to reduced growth and metabolic disorder
(Bingham et al. 1986). Buildup of soil salinity is one of the world’s oldest and most
serious agricultural problems in arid and semiarid regions (Tanji 1990). About 7.0
million hectares of agricultural land is infested with salinity worldwide, and these
domains are expanding further. The chlorides and sulfates of sodium, calcium, and
magnesium are the dominating soluble salts in them (Dahiya and Laura 1988). The
existing technologies on farm salinity management that work well include surface
and subsurface drainage. These are basically civil engineering technologies and are
costly to install, are difficult to maintain, and have the problem of saline effluent
management. Apart from that, under Indian conditions with fragmented landhold-
ings, a wide application of such technology seems utopian. Phytoextraction is the
natural ability of certain plants to accumulate unusually high amount of metal ions
particularly in their leaves (Elizabeth 2005; Angrish and Devi 2014).

Phytoextraction and phytovolatilization occur simultaneously. Phytovolatilization
is a diffusion process in which volatile organic compounds (VOCs) are absorbed by
the plants and are released into the atmosphere. In recent years considerable research
efforts have been made in the use of plants to remove inorganic or organic contami-
nants from the soil by the technique of phytoremediation (Devi et al. 2016). To
improve the previous phytoremediation processes that are based on biological and
engineering strategies, there is a need to know the physiological and molecular
mechanism of different plants. This chapter represents the summarized work of the
eminent scientists on phytoextraction and phytovolatilization processes that can be
used in higher education teaching.

3.2  Origin

The US Environmental Protection Agency proposed the term phytoremediation in
1991 which was firstly reported by Raskin et al. But in open technical literature, the
term phytoremediation was firstly used by Cunningham and Berti (1993). A German
botanist works on the leaves of different plant species that are grown naturally on
the soil which contained extraordinary high levels of zinc (Baumann 1885). It has
been observed that 1% and 1.7% zinc accumulate in dry leaves of violet (Viola
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calaminaria) and the mustard (Thlaspi calaminare) species, respectively, whereas
the plants growing in controlled condition accumulated zinc from 0.001% to 0.02%
in their dry leaves. Half a century after, a word “alkali disease” was noted in animals
in South Dakota. The cause of this disease was traced to the accumulation of sele-
nium up to 0.6% in dry shoot/leaf mass (Byers 1935, 1936) of Astragalus. Shortly
thereafter, two Italian botanists (Minguzzi and Vergnano 1948) reported 1% nickel
in leaves of Alyssum bertolonii growing on nickel-enriched serpentine soils near
Florence, Italy. The quest for using this unique hyperaccumulation ability of some
plants was thus initiated.

3.2.1 Overview of Phytoremediation

Phytoremediation is also low cost over conventional methods for hazardous waste
management (McCutchen and Schnoor 2003). Phytoremediation is a nondestructive
cleanup method in which plants can be used as a tool to decontaminate the soil and
water (Fig. 3.1).

There are five kinds of phytoremediation sub-techniques which exist (Salt et al.
1998):

e Phytoextraction: wherein plants accumulate pollutants (metals) in order to
decontaminate soils

e Phytodegradation: wherein plants degrade organic pollutants directly via their
own metabolic activities

e Phytostabilization: wherein plants stabilize pollutant in soil

e Phytovolatilization: deployment of plants to remove pollutants from air

e Rhizofilteration: deployment of plant roots or whole plant for filtration

3.3  Phytoextraction

Plants have been used to remove contaminants from soil, water, and air into harvest-
able plant biomass. Excessive amount of the contaminants are absorbed by the
plants from the soil that are called as hyperaccumulators. The hyperaccumulator
plants of Brassicaceae family (Kumar et al. 1995) have been deployed for phytoex-
traction. McCutchen and Schnoor (2003) observed that phytoextraction is becom-
ing a more widely used remediation technology where field-level results have been
shown (Brown et al. 1995). It includes the extent of contamination, metal bioavail-
ability, and the plants’ ability to intercept, absorb, and accumulate metals from soil
which is becoming a challenge for researchers and managers of phytoextraction
enterprises (Thangavel and Subbhuraam 2004). Salt et al. (1998) highlighted the
remarkable ability of certain plants to hyperaccumulate metal ions (Cd, Ar, Pb, Ni,
Co, etc.) in their harvestable parts (Salt et al. 1995; Cunningham and Ow 1996;
Suresh and Ravisanker 2004). Hyperaccumulation of metal ions in plants takes
place against concentration gradient at the expenditure of metabolic energy which
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is obviously derived from the sun. Ion hyperaccumulation in harvestable parts is
therefore acknowledgeably a “green” technology that is environmentally benign.

In contrast to heavy metal ions, phytoremediation of the component ions of salin-
ity, i.e., Na*, Ca?*, Mg?*, Cl~, and SO4>~, has not received desired attention. There
are scanty reports in literature (Yeo 1974; Williams 1960; Sairam and Tyagi 2004;
Devi et al. 2016) where attempts to alleviate salinity using salt hyperaccumulating
plants have been made. It is a matter of common knowledge that halophytes, which
constitute the bulk of native flora of the saline soils, not only survive but also thrive
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on the saline milieu. This requires repeated cropping until the contaminated soil has
reached acceptable levels for the farmers to cultivate their regular crops.

Types of phytoextraction

Natural hyperaccumulation Induced hyperaccumulation
Plants naturally take up the Addition of some rhizobium or chelating
contaminants from toxic soil agent to soil to increase the surface area of

roots and mobilization of the contaminants so
that the plants can absorb them more easily

3.4 Mechanism of Hyperaccumulator Plants

Based on the availability of contaminants present in soil ecosystem, the hyperac-
cumulator plants can absorb. This capacity for accumulation is the result of the
plants to that environment (Fig. 3.2). Sen et al. (1982) observed that despite aridity,
the habitats of halophytes in arid regions are mostly wet. Dry and saline habitats do
not have any vegetation. Halophytic roots are able to absorb water only from some-
what dilute soil solutions. As water is transpired, accumulation of salt takes place in
shoot, particularly leaves. Under physiological drought conditions, the leaves of
saline plants play an important role and develop a combination of xeromorphic and
halophytic characteristics, viz., hair cover, salt excretory glands, and salt storage
glands. Two of these features, i.e., salt glands and succulence vis-a-vis ion storage
in cells, are important.

3.4.1 SaltExcretion

Salt excretion takes place through certain specialized glandular cells. Salt excretory
glands have been reported in some of the non-succulent halophytes of the Indian
arid zone, viz., Aeluropus lagopoides, Sporobolus helvolus, Chloris virgata, Cressa
cretica, Tamarix dioica, T. ericoides, and T. troupii. As early as 1935, Frey-Wissling
noted that important structures in the salt economy of some halophytes are salt
glands. This fascinating trait has evolved convergently in many different families of
angiosperms such as Plumbaginaceae, Tamaricaceae, Primulaceae, etc. including
bladder trichomes of some Chenopodiaceae, e.g., Atriplex species. Excess salt may
well be secreted by salt glands in some halophytes, e.g., Spartina townsendii
(Skelding and Wintebotham 1939) and Limonium (Ziegler and Luttge 1967). Salt
crystals secreted by glands are likely to fall again on the soil below due to gravity,
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dewdrops, or rainfall. The use of salt-excreter plants in saline soil remediation must,
therefore, be critically assessed taking in account all these factors.

3.4.2 Succulence Mechanism

Ton accumulation in succulent halophytes, like Haloxylon recurvum, H. salicorni-
cum, Portulaca oleracea, Salsola baryosma, Sesuvium sesuvioides, Suaeda fruti-
cosa, Trianthema triquetra, Zygophyllum simplex, Suaeda fruticosa, Salsola
baryosma, Trianthema triquetra, etc. where these are sequestered in high concen-
tration in vacuolar sap is therefore an important mechanism of interest for salt
hyperaccumulation from phytoremediation point of view (Sen et al. 1982).

3.5 Function

Because of several drawbacks, the older and traditional methods are not suitable for
practical applications, and hence, the deployment of phytoremediation strategies to
make soil heavy metal contamination-free is necessary (Lasat 2002). Potential for
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phytoremediation depends upon the interactions among soils, heavy metals, bacte-
ria, and plants. Potential for phytoremediation depends upon the interactions among
soils, heavy metals, bacteria, plants and their interactions are affected by a variety
of factors, such as characteristics, activity of plants and rhizobacteria, climatic con-
ditions, soil properties, fixation, mineralization, synthesis, and release of organic
and inorganic compounds, root system etc.

1. Role of mycorrhizae in phytoremediation

Remediation of heavy metal contamination in soils is difficult as these cannot be
destroyed biologically but are only transformed from one more toxic to less toxic
form (Garbisu and Alkorta 2001). Phytoextraction is the use of plants to extract,
sequester, and/or detoxify pollutants through physical, chemical, and biological
processes (Wenzel et al. 1999). The process of metal uptake and accumulation in
plants after mycorrhizal application increases the surface of the root (Fig. 3.3).
Contaminants present in the soil are sorbed at root surface and enter into the root
cells by crossing cellular membrane. Some of the contaminants absorbed are stored
in the vacuole, and the rest of them enters into the root vascular tissue (xylem).
Finally contaminants are translocated from root to shoot portion of the plant and
dumped at a point sink for their incineration (Huang et al. 2005).

2. Role of plant growth-promoting rhizobacteria (PGPR)

Inoculation of PGPR in spermosphere and seed microbiolization with hyperac-
cumulator plants (Glick et al. 1999; Glick 2003) help in mitigating toxic effects of
heavy metals on the plants (Belimov et al. 2004) and the release of chelating agents,
acidification and phosphate solubilization (Abou-Shanab et al. 2003a). The use of
PGPR with PGP ability in combination with plants is expected to provide high effi-
ciency for phytoremediation (Whiting et al. 2001; Abou-Shanab et al. 2003a).

For example:

1. Size of Indian mustard increased by 50-100% upon inoculation with K. ascor-
bata SUD165/26 in Ni-contaminated soil (Burd et al. 1998).

2. In the presence of PGPR, toxicity level of nickel was significantly reduced in
canola or tomato seeds (Burd et al. 1998).

3. PGPR enhanced accumulation of Se and Hg in wetland plant tissues (de Souza
et al. 1999b).

3. Plant-bacteria interactions

During the process of symbiosis (plant and bacteria), the adaptation capabilities
of both partners should be more in helping in alleviation of high level of heavy met-
als. Herein, bacteria help in augmentation of the contaminated soil and ameliorate
functionality with improved soil and plan health (Elsgaard et al. 2001; Filip 2002).
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3.6 Phytovolatilization

Phytoextraction and phytovolatilization occur simultaneously. Phytovolatilization
is one of the important processes of uptake and transpiration of water-soluble con-
taminants by the plants. Contaminants which are present in plants in soluble form
undergo several processes and finally volatilize into the atmosphere along the stream
of transpiration. Phytovolatilization has been widely used to remove mercury by
converting its more toxic mercuric ion into less toxic elemental mercury. In the
presence of VOCs, plants may help in alleviation and transportation of different
types of organic compounds and thereby affect the fate of contaminants (Fig. 3.4)
(Limmer and Burken 2016).

Direct Phytovolatilization In this process plant-mediated uptake and transloca-
tion of contaminants to the shoot portion to diffuse across hydrophobic barriers such
as cutin in the epidermis or suberin in woody dermal tissues.

Indirect Phytovolatilization By deploying ample amount of soil plants, take vast
quantities of water whereby activities of plant roots may increase the flux of volatile
contaminants (Jasechko et al. 2013) from the subsurface through the following
ways:
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* Lowering the water table.

e Water table fluctuations cause gas fluxes.

* Increased soil permeability.

* Hydraulic redistribution.

* Interception of rainfall that would otherwise infiltrate to dilute and advert VOCs
away from the surface.

According to Negri et al. (2003), plant roots redistribute water throughout the
subsurface by employing two types of hydraulic lift (Figs. 3.5 and 3.6) (Neumann
and Cardon 2012). It is a pace of transportation stream wherein organic contami-
nants cross the cellular membrane of root passively and whereby volatilize
(Dettenmaier et al. 2009).
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Fig. 3.5 Upward hydraulic redistribution in trees

3.7 Functions of Plant Volatiles

There are a number of functions implied through plant VOCs wherein several of
them are:

1. Plant Reproduction: Floral scent is a signal for pollinators that can be used to
pollinate wherein a diverse blend of plant VOCs attract pollinators and to ensure
reproduction (Knudsen and Tollsten 1993). There is a large diversity of volatiles
that may contain from 1 to 100 volatiles wherein amount varies from the low
picogram range to more than 30 pg/h (Knudsen and Gershenzon 2006).

2. Plant Defense: To succumb the adverse effect, a blend of VOCs are produced
upon attack of biotic stress (Vancanneyt et al. 2001; Dicke and van Loon 2000).
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The produced VOCs help in sustainability of plants in direct/indirect way by
deploying lipoxygenase (LOX) pathway, the shikimic acid pathway, and products
of the terpenoid pathway (Kessler and Baldwin 2001; Pichersky and Gershenzon
2002; Horiuchi et al. 2003; Gols et al. 2003; Heil 2004).

. Plant-Herbivore-Carnivore Interactions: This type of tritrophic interaction
induced by VOCs includes interactions between lima bean plants (Phaseolus
lunatus), herbivorous spider mites (Tetranychus urticae), and carnivorous mites
(Phytoseiulus persimilis) (Takabayashi and Dicke 1996). Merely lying of egg on
plants produces VOCs which attract egg parasitoids (Hilker and Meiners 2002).
Similarly, herbivore- and wound-induced VOCs attract predators/parasitoids in
plant-caterpillar-parasitoid (Dicke and van Loon 2000) and plant-caterpillar-
predatory bug interactions (Kessler and Baldwin 2001).

. Plant-Plant Interactions: Herbivore-infested plants produce VOCs that also
mediate plant-plant interactions and may induce the expression of defense genes
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(Dicke et al. 1990; Arimura et al. 2002, 2004b). Release of herbivore-induced
volatiles occurs both locally from damaged tissues and systemically from
undamaged tissues and displays distinct temporal patterns (Arimura et al.
2004b). Nicotiana tabacum, for example, releases several herbivore-induced
volatiles exclusively at night. These nocturnally emitted compounds repel female
moths (Heliothis virescens), which search for oviposition sites during the night
(De Moraes et al. 2001).

. Role of Plant Volatiles in Belowground Defense: The emission of VOCs is not

limited to aerial parts of the plants; rather it involves rhizosphere VOCs that help
in plant defense against root-feeding enemies.

For example:

. A bacterial (Pseudomonas syringae strain DC 3000) or fungal (Alternaria bras-

sicicola) pathogen or rootfeeding insect (Diuraphis noxia) triggers the rapid
emission of 1,8-cineole upon infection with Arabidopsis roots (Hammer et al.
2003; Chen et al. 2004; Ro et al. 2006) which enhances plant defense.

. Upon attack by weevil larvae Otiorhynchus sulcatus, emission of VOCs by roots

of Thuja occidentalis was shown to attract the entomopathogenic nematode
Heterohabditis megidis (Boff et al. 2001). Similarly, root-feeding larvae (Delia
radicum) emit VOCs by turnip roots that attract the parasitoid 7rybliographa
rapae (Neveu et al. 2002).

. By deploying GC-MS, the emitted VOC was identified as the sesquiterpene (E)-

p-caryophyllene that produced belowground upon root-insect-induced plant sig-
nal that strongly attracts an entomopathogenic nematode Heterorhabditis megidis
(Rasmann et al. 2005).

. Abiotic Stresses: Under abiotic stress it has been reported that plant VOCs main-

tained photosynthetic rate at elevated temperatures (Copolovici et al. 2005;
Penuelas et al. 2005). Besides, fumigation with exogenous isoprene of
fosmidomycin-fed leaves of red oak (Quercus rubra) and kudzu (Pueraria
lobata [Willd.] Ohwi.) increased the ability of photosynthetic apparatus to
recover from a brief high-temperature exposure (Sharkey et al. 2001). In addition,
isoprenoids served as antioxidants to protect plants against a range of stresses
including ozone-induced oxidative stress (Loreto et al. 2001, 2004) and singlet
oxygen accumulation (Affek and Yakir 2002).

Some relevant reports regarding phytoextraction and phytovolatilization are tab-

ulated (Table 3.1.).
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Table 3.1. Some case studies involving different plants/halophytes in organic/inorganic ion
remediation through phytoextraction and phytovolatilization

Hyperaccumulator plant(s) used

Sr. No | and nature of studies Quantification of remediation Reference
1. In a closed system with hybrid Fraction of trichloroethylene Gordon et al.
poplars after 7 days of exposure | (TCE) to the TCE taken up by (1998)
the plant was 70-90%
2. Phytovolatilization by alfalfa Similar and notable fractions of | Narayanan et al.
(Medicago sativa) treated with TCE and TCA were volatilized (1995)
TCE and 1,1, 1-trichloroethane
(TCA) in soil mesocosms
3. Poplar cuttings dosed with Volatilized 54% of the total Rubin and
C-MTBE for 7 days MTBE Ramaswami
(2001)
4. In closed system with poplar 75% of the contaminant taken up | Jasechko et al.
and willow cuttings dosed with | by the plant was phytovolatilized | (2013)
C-PCE or C-TCE
5. Hydroponic hybrid poplars Directly phytovolatilize 17% of | Jasechko et al.
dosed with C-MTBE for the total (96%) MTBE (2013)
10 days
6. Salicornia europaea collected High (30%) Na* accumulation
from the vicinity of Maharloo corresponding to 31,500 pg g~
salt lake near Shiraz, Fars dry weight. Amounts of Ni, Cr,
Province, Iran Cd, Pb, and Hg were also found
to be high in this plant
7. Apocynum lancifolium, Chenopodium album produced Hamidov et al.
Chenopodium album; Girlan, 3.25 tha™! year™! dry biomass (2007)
Khirezm region, northwest removing 569.6 kg ha™! salt ions
Uzbekistan from 0.3 m of the soil profile
amounting to 1.47% of the soil
salts
8. Suaeda fruticosa, Suaeda These plants were found to be Datta and
nudiflora, Salsola baryosma, best salt hyperaccumulators and | Angrish (2006)
Haloxylon recurvum, and also had high biomass. These and Devi et al.
Atriplex lentiformis grown in plants had the potential of (2008, 2016)
salinity microplots at CCS desalinization of saline soils
Haryana Agricultural University, | from 16 dSm~' to 2 dSm~! in
Hisar 4.9-6.1 years
9. Wild-growing Tecticornia Both perennial plants exhibited Ouni et al.
indica and Suaeda nudiflora; high productivities and (2013)

Soliman sublake, northeast
Tunisia

Na+accumulation, i.e., T. indica
7.4 t dry weight ha' and Na*

0.7 tha=' and S. nudiflora 0.75 t
ha=' and 0.22 t ha™', respectively.
Soil salinity was lowered and
microbial biomass was more in
the remediated soil
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3.8 Application

Phytoremediation processes may be applied near the industries or where the effluent
has been reached. Worldwide phytoremediation projects have been carried out to
mitigate the organic and inorganic contaminants that are released from different
sources and excessive utilization of fertilizers and pesticides for agricultural pur-
poses. Members of Chenopodiaceae and alpine pennycress, hemp, pigweed, etc.
have proven to be successful for hyperaccumulating contaminants at toxic waste
sites, i.e., abandoned metal mine workings and ongoing coal-mine discharges. This
technology has become increasingly popular and employed at sites with soils con-
taminated with lead, uranium, and arsenic. Phytoremediation is a natural process
which depends upon the rooting system and plants’ ability to accumulate maximum
contaminants in their aboveground biomass. These hyperaccumulator plants are
also exposed to the herbivore animals, so itenters into the food web. Phytoremediation
processes also have some advantages and disadvantages as follows:

Advantages

* Phytoremediation is less costly and easy to install both in situ and ex situ.

* Physiology of plants can be easily studied.

e Itis very eco-friendly, aesthetically pleasing, and publicly acceptable.

* The process of phytomining increases the possibility of the reuse of valuable
metals.

e It is more economically viable using the same tools and supplies as agriculture.

e Itis less disruptive to the environment.

It reduces the risk of spreading the contaminants by avoiding excavation.

Disadvantages

e Phytoremediation is limited up to the spreading of the roots.

e Itrequires a long-term commitment.

It also requires the screening of hyperaccumulator plants.

» Toxicity of the contaminants leads to the death of the plant.

* There is recycling of the contaminants by entering into the food chain or released
into the environment during autumn season.

* Environmental damage may be increased due to greater solubility or leaching of
the contaminants.

3.9 Conclusion and Future Projections

On the basis of the literature reports, it is inferred conclusively beyond doubt that
hyperaccumulator plants were able to phytoremediate the contaminated soils very
efficiently and effectively (Fig. 3.7). These could provide proficient, sustainable,
and low-cost plant-based technology for greening of contaminated wastelands and
amelioration of physical and chemical nature of top layer of soil especially in arid
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Fig. 3.7 Complementary use of hyperaccumulator plants and crop systems

and semiarid tracts of India. These hyperaccumulator plants also provide fodder,
substituted vegetables, grain, fire (fuel) wood, and oil and hence are economically
viable plants as well for livestock and rural people (Abbad et al. 2004). Another
feasibility in the near future is the production of bio-salt or vegetable salt (CSMRI)
from these hyperaccumulator plants.

In fact these plants use sun’s energy to remove contaminants from soil. So tran-
spiration-/translocation-mediated and active uptake and sequestration of contami-
nants are the core of hyperaccumulation technology. This phytoremediation
technology involves the repeated cropping (harvestings) of these hyperaccumulator
shoots until the soil contaminants have reached acceptable levels for the farmers to
cultivate their regular crops. Further, these hyperaccumulator plants should always
be harvested and dumped at a point sink or incinerated for further industrial uses as
well.
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Microbial Volatiles in Defense

Monika, Khan Mohd. Sarim, S.S. Arya, S. Devi,
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Abstract

Microbes are versatile, dynamic, and the most adaptive entities occurring in
nature, and these properties enable them to strive in almost any conceivable envi-
ronment. These are loaded with the variety of compounds having potential to
cope up with such harsh conditions. Among the diversity of compounds, the
important one is volatile compounds; these are light molecular weight, low vapor
pressure compounds that easily disperse in environment, plant, and microbes and
trigger metabolic and physiological responses that confer microbial defense and
induce systemic resistance in plants. Basic chromatography and mass spectrom-
etry techniques enable us to understand the chemical structure and function of
these fascinating molecules. In addition to this, modern OMICS methods giving
opportunity to deep insight of microbial diversity and strengthen the concept of
volatile compounds function by providing real-time pictures of their expression
and signaling. Incorporation of computational tools with molecular biology tech-
niques incredibly creates a reservoir of knowledge-based database of volatile
compounds’ structure, function, diversity, signaling, and even prediction through
statistical tools. Hence, we are closer to decipher the significance of microbial
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volatile compounds in plants and microbes defense as well, and basic
understanding, computational approaches, and intellectual input can definitely
provide some fruitful findings.

Keywords
Volatile compounds ¢ Microbes ¢ Microbial volatile organic compounds (MVOCs)
* Volatile defense

4.1 Volatile Compounds: Delighting Compounds
from Microbes

Who can’t love the smell coming from soil during rainy season? Yes it is “geosmin”
a volatile compound frequently produced by an actinomycetes called Streptomyces
(Gerber and Lechevalier 1965). Volatile organic compounds (VOCs) are carbon-
structured solids or liquids that quickly turn to gas phase through vaporization at
0.01 kPa pressure and 20 °C (Pagans et al. 2006). Several of these diffusible metab-
olites act as antibiotics and antibiotic-like substances and also act as potential signal
molecules that play important role in interactions between plant-bacteria or fungi-
bacteria (Frey-Klett et al. 2011; Haq et al. 2014). Microbial volatiles are small mol-
ecules of low molecular weight, high vapor pressure, and low water solubility
produced as intermediate compounds during microbial metabolism. MVC can be
fetched from microbial culture during production of industrially important sub-
stances such as coolants, petroleum, from cleaners, and diverse pharmaceutical
manufacturing. MVC are made up of fine architecture of amines, aldehydes, ketones,
aromatic hydrocarbon, terpenes, sulfur, and, most importantly, alcohol. In a differ-
ent aspect, these groups contribute to the distinct smell of variety of volatile com-
pounds. Concentration of any volatile compound also poses great impact on the
production and efficacy of these compounds. In an offbeat research, Rice and Koziel
(2015) demonstrated the interplay of chemical concentration in product develop-
ment of a legislative drug “marijuana” using multidimensional GC-MS and simul-
taneous sensory analysis. Result suggested that aroma profile from marijuana
changed during fresh preparation to packaging and storage. This study will be help-
ful for dogs and drug officers to cope up with drug instances and monitoring.

4.2 Diversity of MOVCin Ecosystem

Microbial volatile organic compounds are extremely diverse in structure and func-
tions like microbes themselves. Structural variation in species-/strain-specific
MOVC has great importance in volatile compound studies. Bacteria produce a
diverse array of organic and inorganic volatile compounds that facilitate acclimati-
zation, pathogenesis, and signal transduction. Organic volatile compounds include:
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1. Hydrocarbons: produced during fatty acid biosynthesis and classified into long-
chain and short-chain hydrocarbons. The former are usually found in bacteria
and cyanobacteria, whereas the latter generally occur in fungi (Tellez et al.
2001).

2. Ketones and alcohols: produced during fatty acid decarboxylation. Long chain
alcohols (volatile compounds) frequently present in gram negative bacteria such
as enterobacteriaceae family members (Hamilton-Kemp et al. 2005), and
Firmicutes consist short-chain alcohol compounds (Faragh et al. 2013).

3. Terpenes: derivatives of dimethylallyl pyrophosphate and isopentenyl pyrophos-
phate produced through mevalonate pathway.

4. Sulfur-containing compounds: well known for distinct aroma in produce during
catabolic degradation of methionine. Indoleacetic acid and other products such
as trimethylamine (TMA) and 2-amino-acetophenone (2-AA) are the nitrogen-
containing volatile compounds. HCN, H,S, NO, etc., are the inorganic volatile
compounds that also play important key role in bacterial and plant signaling and
defense.

Many research findings also support the role of volatile structure on the effi-
ciency of compounds action. Lee et al. (2012) described the impact of long-chain
molecule structure on the potential of a volatile compound against phytopatho-
gens. A bacterial VOC-C-13, produced by P. polymyxa that promote the plant
growth via ethylene-mediated signaling and induced systemic resistance in
Arabidopsis against Pseudomonas syringae. The study also suggested that long-
chain compound are strain specific and, hence, can be used as marker for micro-
bial systematic.

4.3 MOVC: A Potential Compound for Defense

Microbes and their volatile compounds perform several functions in microbes and
plant biology. Many MOVC have been found to induce resistance and compete with
pathogenic microorganisms and provide defense to plant and themselves too.
Figure 4.1 depicts the volatile compounds production from rhizospheric microbes
and their effect on plant’s growth and defense.

Microbial volatile compounds protect plants from pathogen directly by inhibi-
tion of pathogenic organism or indirectly by eliciting plant defense response against
pathogen. But microbial volatile compounds act in dose-dependent manner. For
example, Bacillus subtilis GBO3 single colony does not inhibit spore germination
and growth of pathogenic fungi Botrytis cinerea and Fusarium oxysporum. When
the number of colonies of B. subtilis gets increased, it inhibits the growth of patho-
genic fungi. There is linear relationship between concentration of volatile com-
pounds and growth inhibition of pathogens. Volatiles from B. subtilis of 100 mM
concentration inhibit spore germination and growth inhibition in Botrytis cinerea
and Fusarium oxysporum (Sharifi and Ryu 2016; Sharifi et al. 2013). Indirectly
microbial compounds play role in plant defense by eliciting plant defense through
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Fig. 4.1 Effects of rhizobacterial volatile compounds on plant growth and defense

induced systematic resistance. For example, long-chain volatile compounds like tri-
decane and hexadecane elicit induced systemic resistance against Pseudomonas
syringae in Arabidopsis. The same dosages of different volatile compounds exhibit
different responses in different pathogens. For example, a low dosage of butanediol
inhibited the growth of Microdochium nivale, while similar dosage of acetoin
induced resistance against P. syringae pv. (tomato in Arabidopsis). Microbial vola-
tile compounds like methyl jasmonate, 3-pentanol, 2-hydroxy-3-pentanone, and
acetoin do not inhibit the spore germination in growth inhibition of B. cinerea at
100 mM concentration, but this concentration is usually able to protect plants from
disease by eliciting plant defense response against pathogen (Sharifi et al. 2013). In
some reports it is evident that bacteria were able to produce 30-200 ng of volatiles
depending on soil. The 2-200 ng of these compounds was efficiently activate sys-
temic resistance against Eriwinia carotovaora (Ryu et al. 2004).

4.3.1 Volatile Compounds from Bacteria

Diverse array of bacteria have been reported as agent for pathogen control.
Rhizobacteria have the ability to produce volatile compounds effective against vari-
ous plant pathogens that help to strengthen the microbial as well as plant defense.
Sclerotinia sclerotiorum a threatened soilborne fungus pathogen with broad host
susceptibility is the causal agent of white mold in variety of economically important
crops. Boland and Hall (1994) mentioned that around 408 species of 278 genera
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from 75 families are affected with this pathogen that makes it the most serious phy-
topathogen in irrigated crops. Antifungal effects of volatile compounds (alcohols,
aldehydes, ketones, and sulfides) against sclerotia, ascospore germination, and
mycelial growth of Sclerotinia sclerotiorum were mentioned by Fernandoa et al.
(2004). Giorgio et al. (2015) evaluated biocide effects of volatile compound secreted
by rhizobacteria against a well-known plant pathogen Sclerotinia sclerotiorum. Six
rhizobacterial isolates were evaluated for antifungal compound, and VOCs were
found effective against different pathogenic fungi and most effectively inhibited
mycelial growth of Sclerotinia sclerotiorum. In another study bacterial volatile
compounds (methanethiol, dimethyl disulfide (DMDS), and 1-undecene) produced
by Pseudomonas tolaasii were identified by chromatography, and their bioactivity
was evaluated against Pleurotusostreatus and P. eryngii and Agaricus bisporus.
Earlier findings reveal that VOC of P. talaasii as virulent factor to control mycelial
growth of harmful pathogen and confers plant protection from disease occurrence
(Giorgio et al. 2015).

Plant growth-promoting rhizobacteria (PGPR) contribute to plant biomass
increase, crop yield, and disease resistance through reduction of ethylene levels and
by iron chelator and siderophore production. Besides this, many rhizobacteria pro-
duce volatile compounds that are reported as important compound in plant growth
(Ryu et al. 2003). Chromatography techniques revealed the chemicals that trigger
plant growth promotion are 2,3-butanediol and acetoin (Faraga et al. 2006). Later
this group provided evidence that PGPR also play a pivotal role in plant metabolism
and through volatile compounds and demonstrated their effects on the sulfur metab-
olism and defense from herbivores in Arabidopsis. Bacillus amyloliquefaciens
(GBO03) produce VOC-enhanced higher sulfur uptake, assimilation, and accumula-
tion in Arabidopsis. It induced elevated production of glucosinolates that exhibited
protection against herbivore Spodoptera exigua, a beet armyworm, BAW (Aziz
et al. 2016). Another important aspect of microbial volatiles is the mechanism of
action that modulates different physiological response. The characteristic feature of
volatile compounds is their hydrophobicity that facilitates partition followed by
increase permeability of lipid membrane. In a study, Trombetta et al. (2005) also
mentioned the impact of monoterpene volatile compounds on the altered permeabil-
ity of cell membrane of Staphylococcus aureus and Escherichia coli (Table 4.1).

4.3.2 Volatile Compound from Fungi

Many genera of fungi show a remarkable ability to produce and excrete volatile
compounds. Fungi commonly produce volatiles composed of eight-carbon alco-
hols, short-chain alcohols, aldehyde, and ketones. Till now, 250 different volatile
compounds have been detected and characterized from fungi. Most common VOC
producing fungal genera are Penicillium, Aspergillus, Mucor, Alternaria, and
Ulocladium. These volatile compounds have unique properties of plant defense,
growth promotion, and antibacterial activity. Very little is known about the precur-
sor and biosynthetic origin of most VOC’s compounds. Bjurman et al. (1998)
reported that compounds like 3-methyl-1-butanol, 2-methyl-1-propanol, and
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Table 4.1 List of microbial volatile compounds with target pathogenic microbes

Bacteria Compound Pathogen Effect References
Pseudomonas P2 | Dimethyl disulfide, | Rhizoctonia solani | Inhibit Elkahoui
strain dimethyl trisulfide myecelial et al. (2014)
growth
Streptomyces 2-methylisoborneol | Fusarium Inhibit Wang et al.
alboflavus moniliforme, sporulation (2013)
Aspergillus flavus, | and mycelial
A. ochraceus, A. growth
niger, and
Penicillium
citrinum
B. subtilis B2g, Panagrellus Inhibit Vespermann
B. cepacia 1518, redivivus, growth et al. (2007)
P. fluorescens Bursaphelenchus and Tarkka
L13-6-12 xylophilus and Piechulla
(2007)
Streptomyces Carvacrol, dimethyl | Penicillium Inhibited Danaei et al.
griseus sulfoxide (DMSO), | chrysogenum and | spore (2014)
cyclohexanol, Botrytis cinerea germination
naphthalene and
mycelium
growth
Bacillus subtilis A. alternata, Deformation | Chaurasiaa
C. oxysporum, of mycelial, et al. (2005)
F. oxysporum, hyphal, and
P. lilacinus, conidial
P. variotii, and structures
P. afertile
Saccharomyces Six VOC including | Sclerotinia Inhibited Fialho et al.
cerevisiae ethanol and ester sclerotiorum mycelial (2011)
compounds growth
Pseudomonas Volatile compound | Agrobacterium Bacteriostatic | Dandurishvili
fluorescens and tumefaciens and A. | effects etal. (2011)
Serratia vitis
plymuthica
Lysobacter 2,4-Di- Colletotrichum Inhibited Sang and
enzymogenes tertbutylphenol acutatum, spore Kim (2011)
ISE13 Phytophthora germination
capsici and mycelial
growth
Pseudomonas Cyclohexanol, Sclerotinia Inhibition of | Fernando
chlororaphis, 2-ethyl-1- hexanol | sclerotiorum mycelial et al. (2005)
P. corrugate growth
Bacterial and fungal volatile-mediated-induced systemic resistance in plants
Mushroom 1-octen-3-olallo- Botrytis cinerea Arabidopsis Kishimoto
ocimene and a C-6 thaliana et al. (2007)

aldehyde

(continued)
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Table 4.1 (continued)

Bacteria Compound Pathogen Effect References
Ampelomyces sp. | m-cresol and Pseudomonas Induced Naznin et al.
and methyl benzoate syringae pv. systematic (2014a, b)
Cladosporium sp. tomato DC3000 resistance
(Pst) (ISR) in A.
thaliana
Pseudomonas 2R,3R-butanediol Tolerance to Cho et al.
chlororaphis O6 drought in (2008)
Bacillus 3-pentanol Arabidopsis
amyloliquefaciens thaliana
strain IN937a 2,3-butanediol Induced Zhou et al.
acetoin systemic (2010)
resistance
(ISR)

styrene are derived from metabolism of fatty acids. Lactones, isoprene nitrogen, and
sulfur containing VOCs arise from amino acids. Monoterpenes (farnesol), isoprene,
and sesquiterpenes arise from metabolism of acetyl-CoA. Several methyl ketones
(acetone), alkanes, esters, and alkenes (l-undecene) also arise from fatty acids
(Schmidt et al. 2015). Fungi are also the major contributor of plant defense by pro-
ducing volatile compounds. A Japanese group isolated a plant growth-promoting
fungus, Talaromyces sp., from agriculture field and evaluated for its ability to pro-
duce volatile compounds. They reported plant growth promotion and induced sys-
tematic resistance against Colletotrichum higginsianum due to p-caryophyllene
produced by this fungus. VCs from Cladosporium sp. exhibited induced systematic
resistance against plant pathogen Pseudomonas syringae (Naznin et al. 2014a, b).
Eight-carbon compounds such as 1-octen-3-ol, 3-octanol, and 3-octanone (mush-
room alcohol) are among the most common fungal VOCs. 1-octen-3-ol mixed in
Arabidopsis thaliana inhibits the growth of plant fungus Botrytis cinerea (Kishimoto
et al. 2007). Vinale et al. (2008) demonstrated that addition of 6-pentyl-2Hpyran-
2-one (6PP), one of the earliest known volatile compounds from fungus to plants,
reduced disease symptoms. Similarly, Muscoder produced different volatile com-
pounds azulene, naphthalene, a-phellandrene, B-caryophyllene, tetrahydrofuran,
and 2-pentylfuran growing on different host plant like Ananas ananassoides,
Myristica fragrans, and Ginkgo biloba. These volatile compounds emitted by fun-
gus used to control soilborne plant pathogen and reduce the need of methyl bromide
fumigation (Fig. 4.1) (Yuan et al. 2012). Volatile compound produced by the culture
of Muscodor crispans inhibited the growth of serious bacterial pathogen
Xanthomonas axonopodis pv. citri and Mycosphaerella fijiensis causal organism of
the black sigatoka disease of banana (Mitchell et al. 2010). Microbial volatile
organic compounds, i.e., phenyl ethanol, ethyl acetate, and methylbutanol, excreted
by the yeast Saccharomyces cerevisiae inhibit the growth of plant pathogenic fun-
gus Guignardia citricarpa (causal agent of disease citrus black spot) (Fialho et al.
2010). Volatile compounds released by Phoma sp. inhibited a number of plant
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Table 4.2 Fungal volatiles in plant defense

Target
Species Molecule organism | Effect References
Trichoderma §-Cadinene Fungi and | Growth enhancers | Angel
virens B-Caryophyllene plants and induction of Contreras-
defense response Cornejo et al.
in plant (2014)
(Arabidopsis
thaliana) against
fungus (Botrytis
cinerea)
Fusarium B-Caryophyllene Plants Compounds act Minerdi et al.
oxysporum as plant growth (2011)
MSA35 promoter and
increased shoot
length, root length,
and fresh weight
of lettuce seedling
Trametes gibbosa | Octenol Fungi Acts as attractant Thakeow et al.
for fungus to control | (2008)
beetles
Trametes B-Gualene Fungi Acts as attractant Drilling and
versicolor y-Patchoulene for fungus to Dettner (2009)
5-Cadinenc control beetles
Muscodor albus | Sesquiterpenoids, Fungi For control of Mercier and
derivative of alcohols postharvest plant Jimene;j
and naphthalene diseases (2004)
Trichoderma 6-pentyl-a-pyrone Fungi and | Reduced spore
asperellum IsmTS | (6PP) bacteria germination

pathogen like Cercospora, Verticillium, and Sclerotinia (Strobel et al. 2011)
(Table 4.2).

4.4 Industrial Production of MVOCs

4.4.1 Response Surface Methodology (RSM) for Optimization
of Culture Conditions

Response surface methodology is a statistical tool to optimize, build model, and
evaluate effect of factors for most suitable culture conditions for the production of
volatile or any other bioactive compounds (Usha et al. 2011). It can also be used in
the product development and formulation. It works by minimizing the errors and
determine effects of different parameters to show simultaneous, systematic, and
efficient variation of all the parameters. RSM involves design, e.g., central compos-
ite design (CCD), or any other to fit a second-order polynomial by a least squares
technique and use an equation to determine the effect of all variables (Hegde et al.
2013). RSM can also be used to design fermentation setup and media optimization
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for industrial production of microbial volatiles. In a relevant study RSM was used
to optimize the HS-SPME-GC-MS for determination of volatile compounds in cap-
rine coalho cheese and found three factors, viz., equilibration time, extraction time,
and extraction temperature as 20 min, 40 min, and 45 °C temperature, respectively
(Bezerra et al. 2015). Finally, application of RSM to get the real inference about the
plant-microbe interactions and plant growth promotion is implemented. However,
very little efforts have been made in this context. Three-dimensional response sur-
face plots provide the real pictures that how a microorganism or combination of
microorganisms is affecting the plant growth. There are several statistical packages
such as SAS 9.1, Minitab, Design expert, R, Matlab, etc., to perform these simula-
tions. Microbes can be also tested for their optimal performance under combined
abiotic stresses.

4.4.2 Bioprocess Engineering for Efficient Recovery of Volatile
Compounds from Fermentation Broth

Bioprospecting is increasing our knowledge about the microbe’s ability for the pro-
duction of diverse volatile compounds including microbial fuel, insecticides, anti-
bacterial, etc. Many bacteria have the ability to produce such compounds in
industrial reactor also, but the troublesome part is the extraction and recovery of
compound. Schoen et al. (2016) developed an analytical system for the rapid quan-
tification and total volatile organic compound extraction from reactor using plati-
num catalyst with a sensitive CO, detector. This platinum catalyst quantitatively
oxidizes volatile compound to CO,; precise oxidation of compound and respiratory
CO, determination make this system accurate for industrial production of volatile
compound. Besides this, other versatile approaches have been practiced such as
online monitoring of microbial volatile compound using proton transfer reaction-
mass spectrometry (PTR-MS). In four, Escherichia coli, Shigella flexneri,
Salmonella enterica, and Candida tropicalis, tested strains, some marker ions were
found in the headspace of microbial culture. This study indicated temporal emission
of VOCs and established an effective way for online monitoring of VOCs during
growth (Bunge et al. 2008).

4.5 Synthetic Biology for Redesigning MVOCs

Synthetic biology is a promising approach frequently being used to engineered
microbial cell for the production of valuable compound. Synthetic biology aims to
design and engineer biology-based parts, novel devices, and systems as well as
redesign existing, natural biological systems. The basic concept behind this is the
understanding of orchestration of cell, genes, and protein and designing the novel
system that produces desired substrate in a required amount and of good quality.
Efforts have been made to enhance production of different volatile compounds used
for biofuel production that gives an indication that the approach can be implemented
to engineer the microbial system for higher production of desired volatile
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compounds. A single bacterium or fungus some time might not be able to synthesize
the entire component needed for the purpose. Hence, synthetic consortium develop-
ment is a novel approach that targets inherent metabolic traits to produce high-
quality and valuable amounts of desired volatile compounds.

4.6 OMICS Approaches Exploring New Concepts
of Microbial Volatile-Mediated Plant Defense

Modern biology offers a wide platform to study biological mechanism and physio-
logical responses with deeper understanding. Metagenomics gives liberty to iden-
tify complex microbial community without growing them on culture medium.
Likewise, proteomics, transcriptomics, and metabolomics are the rapid methods to
access the immense valuable information hidden in the microbial world. Species
identification using 16S rRNA and ITS (internal transcribed sequences) analysis is
commonly used technique for identification of bacteria (Handelsman 2004). Next-
generation sequencing (NGS) of hypervariable regions of ITS or 16SrRNA such as
V4-V5 facilitates the real analysis of whole microbial composition of any given
sample and enables us to identify various potential strains that may possibly be not
studied by any other traditional method (Fig. 4.2). Metagenomics deals with the

Metabolomics

Metagenomics
(exploring
microbes VOC
production)

(exploring

metabolite

biological
route)

(b)

' #

Synthetic
biology

(d)

Effective microbial
consortium with
highest potential of
desired volatile

(c) production

- omputer and statistical
platform

(@)

Fig. 4.2 Modern techniques deciphering potential of microbial volatiles: (a) evaporation of
microbial volatile compounds, (b) OMICS technology unrevealing potential volatile producing
microbes, and studying changes in gene expression related with respect to particular volatile, (c)
advance web-based and computational tools offering search, prediction of right microbes for right
volatile production, (d) outcome of modern technology implementation for highest exploration of
microbial volatile compounds
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nucleic acid of whole microbial community, purified and sequenced through
Illumina platform. Operational taxonomic units (OTUs) generated systematically
analyzed through statistical tools for the richness or evenness of a species. As indi-
vidual strain has unique OTUs, therefore, its richness level in community can be
easily determined. Hence, next-generation or Illumina sequencing provides more
clear picture of microbial communities. Many web resources such as “GhostKOALA”
have prepared for the rapid analysis of whole genome of plant and microbial genome
which also strengthens the understanding of microbial molecular architecture of
different metabolic pathways available in eukaryotic microbiome. In comparison
with classical methods which were completely based on culturable methods for
microbial identification using 16S rRNA gene sequencing and phylogenetic tree
preparation, NGS is a little more expensive but affordable and also provides more
precise information about the whole community. NGS data can be easily simulated
through various available computational tools revealing the function by automati-
cally annotating nucleotide sequences similar to those genes that have already been
annotated and available in different databases.

4.6.1 Decoding Chemical Dialogues Between Microbes
and Pathogens

Microbial interactions are the complex network of chemical signals that facilitate
the biological information from one organism to another. The response of pathogen
against antimicrobial compound produced by either fungi or bacteria needs to be
studied; it will give a clear picture of kinds of responses, chemical signals, involved
in any microbial interaction and chance to produce effective antimicrobial com-
pounds than ever before. Raza et al. (2016) studied the effect of volatile organic
compounds produced by Bacillus amyloliquefaciens SQR-9 against Ralstonia sola-
nacearum. Proteomic analysis showed the expression pattern (down regulated 32
and upregulated 22) of different protein under infection process. Downregulated
genes were related to virulence, carbohydrate and protein metabolism, antioxidant
activity, protein folding, and translation.

4.7 Computational Approaches for Highest Exploration
of MVOC in Human Welfare

4.7.1 MVOCs

A number of databases for various biological processes from pathogenesis (PHI-
base) to bioremediation (EAWAG, UMBBD) are available. A database solely
devoted to microbial volatile compounds has been created (Lemfack et al. 2014).
One can search in database using PubChem ID, molecular weight, and name or even
through the compound’s property. Result shows compound’s name, PubChem ID,
synonyms, and overall structural information of the respective microbial volatile
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compounds. The web resource to access the MVOCs database information is http://
bioinformatics.charite.de/mvoc/.

4.7.2 InSilico Approaches for Understanding and Modeling
Desired Compounds

Rapid widespread of pathogenic variants weakened the resistant mechanism in any
organism. To effectively cope up with this, there is an urgent need to develop com-
putational tools to study molecular architecture and interaction modeling of mole-
cules to predict the effective interaction of anti-infective compounds to pathogenic
moieties. In silico approaches have been frequently used for analyzing and predict-
ing microbial interaction. A novel approach to predict the missing link between
microbial volatile pathways exploring valuable insight into volatile metabolomics
and offer a platform for metabolite engineering to design desired compound in
required quantity by chemoinformatics and bioinformatics tools. A new way,
Reverse Pathway Engineering (RPE), generally uses small molecules that sense
VOCs and suggests the reaction or enzymes that link to any known metabolic pre-
cursor, so the path can synthesize and aimed molecule can be synthesized. Liu et al.
(2014) demonstrated this system biology mechanism nicely for tracing back the
missing link in flavor volatile production in lactic acid bacteria. Other advance tools
for exploring metabolic routes are ReBiT (Retro-Biosynthesis Tool Martin et al.
2009; Route Designer Law et al. 2009), etc.

4.7.3 Molecular Docking

Molecular docking is used to predict the structure and complex interactions that
occur between two molecules, which ultimately affect their efficacy in an environ-
ment. It enables us to identify the target proteins which are being affected by a
metabolite of microbial origin. The efficacy of a compound depends on the compat-
ibility of a molecule with the other molecule or ligand communicates it to a biologi-
cal system. Combined aspect of molecular physiology, bioinformatics, biophysics,
and proteomics can decipher the real consequences behind the effects of microbial
volatiles (Ferreira et al. 2015). In case of microbial volatile, the results obtained
from chromatography techniques and further molecular docking of compound to a
ligand can definitely provide good outcome. Molecular architecture of protein can
be elucidated through docking on automated servers such as SWISS-MODEL. For
chemical structure and molecular formula, Chemspider can be used; other docking
tools are autodock, rosetta DOCK, ICM Pro, etc. Dharni et al. (2014) demonstrated
the antifungal potential of novel isolated compound 2-4-di-tert-butylphenol against
agriculturally important phytopathogenic fungus Fusarium oxysporum. The use of
molecular docking depicted the binding of B-tubulin of F. oxysporum to the 2-4-di-
tert-butylphenol and confirmed that novel compound is the potent inhibitor of com-
pounds B-tubulin of F. oxysporum.
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4.8 Conclusion

Microbial volatiles from primary and secondary metabolism are very diverse and
have their different functions. Keeping in view the complexity of volatile com-
pounds, a fresh term has recently proposed as “volatilome.” VOCs from primary
metabolism are the intermediate, whereas secondary metabolism produced VOC for
specific purpose such as disease control, attractant, etc. Microbial volatile com-
pounds (MOVCs) provide sustainable solution to overcome plant disease and boost
up plant defense mechanism to directly or indirectly enable them to response, adopt,
and survive in different conditions. Many reports incorporated in this chapter
showed the successful rate of microbial volatile compounds in plant defense. But
many of current insights are carried out under laboratory conditions.

More studies should be carried out to assess the cost-effectivity, ecofriendliness
and sustainability of use of naturally produced microbial volatile compounds to bet-
ter understand the role of the MOVCs at field level. In the coming future, we can
expect more expanding knowledge about biodiversity of MOVCs, exploring under-
lying molecular mechanism of action, high-throughput plant responses to MOVCs,
and production of a cost-effective delivery of these compounds to crop fields.
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Volatiles in the Rhizosphere:
Bioprospecting for Sustainable
Agriculture and Food Security

Shyamalina Haldar and Sanghamitra Sengupta

Abstract

Volatile organic compounds are low molecular weight lipophilic molecules with
low boiling points and an appreciable vapor pressure under ambient conditions
and constitute a small proportion of the total number of metabolites produced by
living organisms. Volatiles are important aromatic compounds found in foods
that evoke gustatory response in humans and animals. In addition they have
important role in mediating communication between living organisms. Due to
their roles as signaling molecules, within and between organisms, studies with
regard to structural and functional diversities of these compounds are essential
for an improved understanding of cellular and organismal communications in
living systems. Since plant—-microbe interactions are one of the most fascinating
ecological phenomena that help to sustain the food cycle, ecological balance, and
environmental stability, this chapter highlights the diversity of volatiles present
in the plant rhizosphere. The rhizovolatiles discussed here include those pro-
duced by plants as well as by microorganisms inhabiting the rhizosphere. This
chapter focuses on the role of these volatiles in the establishment of successful
association between plants and other organisms and their beneficial effects on
plant growth and development. This will value-add to our present understanding
of the chemical cues defining the complexity and dynamism of rhizosphere func-
tioning. At the end, this synthesis emphasizes on the potentiality of these vola-
tiles for sustainable agriculture and food production to ensure food security.
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5.1 Introduction

Volatiles are defined as the group of chemical elements or compounds with low
boiling point. These compounds could be naturally occurring or produced by activi-
ties of microorganisms, plants, animals, and humans (Abdullah et al. 2015a). The
definition of volatile organic compounds (VOCs) depends on the frame in which
this term is used (http://www.eurofins.com/voc.aspx). According to the World
Health Organization (WHO), VOC is any organic compound whose boiling point
ranges from 50 to 260 °C with saturation vapor pressure greater than 100 kPa at
25 °C (ISO 16000-6). Compared to the anthropogenic sources which emit an esti-
mated 142 Tg of carbon per year, biological sources emit in much higher amount
(1,150 Tg of carbon per year) (Goldstein and Galbally 2007). The majority of natu-
rally occurring VOC is produced by plants (1 pg of carbon in the form of VOC
annually), and the rest is produced by animals, microbes, and fungi, such as molds
(Pichersky and Gershenzon 2002). VOCs include a wide range of ubiquitous aro-
matic compounds such as hydrocarbons, alcohols, aldehydes, acids, esters, amines,
thiols, xylene, and monoterpenes, for example, a-pinene and trace amounts of insect
pheromones. These compounds chiefly correspond to compounds responsible for
flavors detectable by humans at below part per trillion (ppt) levels and are endowed
with diverse physical properties (Table 5.1; Rowan 2011). Few mammalian phero-
mones, androstenone (Sa-androst-16-en-3-one) and fecal indolic compounds, and
skatole (3-methylindole) which have higher molecular weights and sufficient vapor
pressure that can be clearly perceived by humans are also considered as VOC
(Liberles 2014; Moore et al.1987). In particular, volatile compounds with low
molecular weight (500 Daltons, Da) and high vapor pressure can diffuse in gaseous
phase and hence serve as important signaling molecules (semiochemicals) within
and between organisms. Although VOCs constitute only a small fraction of the total
metabolites produced by an organism (1 % of the total metabolites), they take part
in a wide range of biological processes (Dudareva et al. 2004; Rowan 2011). Thus
measurement of the amount of the VOC produced and determination of their func-
tional role are essential to understand the functioning of living systems.

The advent of technologies has led to the identification of volatile metabolites
from different living organisms. Few databases have so far been developed that
describe the volatiles and their biological functions (Abdullah et al. 2015a). The
information on VOCs and their interactions with the organisms and contribution in
the benefits of mankind pertaining to health, food, and industry are not well orga-
nized (Abdullah et al. 2015a; Dudareva et al. 2004, 2006). Although an extensive
volume of literature exists on VOCs and their biosynthesis, our knowledge about
their biological functioning and mechanism of action is still limiting (Holopainen
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Table 5.1 Properties and source of different types of volatile organic compounds (VOCs)

Boiling point

Chemical class/ (°C) under
Volatile Source biosynthesis 780 mm Hg
Androstenone Mammalian pheromone | Steroid 372
o-Farnesene (CsH,4) Flower volatile and Sesquiterpene 280

flavor precursor

8-Octalactone (CsH,,0,) Microbial, dairy foods | Fatty acid oxidation | 238
Dimethyl disulfide (CH;SSCH3) | Onion, garlic, coffee Disulfide 109
Ethanol (C,Hs;OH) Anaerobic respiration Hydrocarbon —-102
Ethylene (C,H,) Plant hormone Alcohol 78
Hexanal (C¢H,,0) Green leaf volatile Aldehyde 131

(lipoxygenase)
Isoprene (CsHy) Plants (oxidative stress) | Terpenoid 265
Methanethiole (CH;SH) Biogenic Sulfide 6
Skatole (CoHoN,) Feces Aromatic heterocycle | 78

and Blande 2012). This chapter highlights the biological activities of VOC associ-
ated with plant’s rhizosphere which is an extremely ecologically important niche
housing many of the complex interactions that occur between plant roots and micro-
organisms. A major part of this chapter provides a comprehensive description of the
types of VOC produced by different plants and how these compounds mediate inter-
actions between plants and microorganisms and macroorganisms residing in the
vicinity of the roots. The second part of this chapter focuses on the functional rele-
vance of the isolated rhizo-VOC from different plants with respect to agriculture
and food production. Finally, we close this chapter by describing the limitations of
the production of these volatiles and possible direction to solve the problems. In
conclusion, we also highlight the plausible applications of these molecules in future
economic benefits.

5.2  Volatiles Observed in the Rhizosphere
5.2.1 Rhizovolatiles of Plant Origin

An organism’s interaction with its environment is fundamental to the survival of
that organism and the performance of the ecosystem as a whole (Elton 1927). The
association among the species includes four main types of two-way interactions:
mutualism, commensalism, competition, and predation (herbivory and parasitism).
Following the colonization in the terrestrial ecosystem, the “plants” as sessile organ-
isms develop such interactions with innumerable micro- and macroorganisms for
their survival and systemic functioning. The communication between plants and
organisms is mediated through the exchange of chemicals which are synthesized
and exuded by both plants and the partner-organisms. These chemicals lead to the
development of a complex signaling network that culminates into the establishment
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of a strong beneficial association between them. Rhizosphere, the narrow zone sur-
rounding the plant roots, represents one of the most diverse habitats on the planet
and houses many such interactions (Trabelsi and Mhamdi 2013). The dynamicity of
the rhizosphere ecology is defined by the physicochemical and biological events
defined by the host plant itself through uptake of water and minerals and subsequent
release of nutrients and carbon dioxide, exudation, and secretion of an array of
chemical compounds altogether defined as “rhizosphere processes” (Philippot et al.
2013). An amount of 5-20 % of all photosynthetically fixed carbon is released by
the plants in the rhizosphere to create a carbon-rich environment for numerous ben-
eficial and pathogenic micro- and macroorganisms (Steeghs et al. 2004).

5.3  Structural Diversity

VOCs form an important component of the host of compounds released by the plant
through their roots in the rhizosphere. The important characteristics of plant VOC
include their structural diversity, species-specific property, and tissue specificity
(Wei et al. 2016). Some of these secondary metabolites are restricted to certain plant
taxa at high concentration and have no apparent roles in plants’ primary metabolism
(Schoonhoven et al. 2005). They are secreted only at certain stages of development
or under specific circumstances to provide signals for the physiological state of
plant cells. It has been shown that a given tissue has similar VOC fingerprints at a
particular stage of developmental (Wei et al. 2016). VOC secreted from plants, in
general, have molecular weight less than 300 Da and boiling points lower than
260 °C (Dong et al. 2016). Till date, more than 1700 volatiles have been recognized
from the aerial and non-aerial parts of plants. These constitute more than 90 fami-
lies, comprising approximately 1 % of all currently known plant specialized metab-
olites (Pichersky and Gershenzon 2002; Dudareva et al. 2004). Ethylene, the potent
activator of plant defense responses, was the first gaseous hormone discovered in
nature (Bleecker and Kende 2000).

Plant VOC has been classified on the bases of their chemical structures, physio-
logical functions, and biosynthetic pathways. They can act as endogenous hormones
(e.g., ethylene, methyl jasmonate (MeJA), and methyl salicylate (MeSA)) or can
mediate the interactions between cospecific and heterospecific plant species and
with organisms of higher trophic levels (herbivores; pollinators; enemies of herbi-
vores). The following are few major biosynthetic pathways that produce plant
VOC. These include (1) mevalonate (MVA)/2-C-methyl-D-erythritol 4-phosphate
pathway (MEP) producing terpenoids and carotenoid derivatives, (2) shikimate and
phenylpropanoids pathway producing benzenoids and phenylpropanoids from aro-
matic amino acids (such as phenylalanine), and (3) lipoxygenase (LOX) pathway
producing green leaf volatiles (GLV), methyl jasmonate, and fatty acid derivatives
like alcohols and aldehydes (Figs. 5.1 and 5.2; Wei et al. 2016). VOCs are produced
by the removal of hydrophilic moieties and oxidation, hydroxylation, reduction,
methylation, and acylation reactions (Pichersky et al. 2006; Tzin and Galili 2010;
Becker et al. 2015).
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Methanol (cell wall expansion & maintenance) — Formaldehyde (oxidative demethylation;
dissociation of 5,10- methylene-THF) Formic acid (photorespiration & oxidation of glyoxalic

acid) — COp

Ethanol (stress) — Acetaldehyde (pyruvic acid decarboxylation; wound responce) — Acetic
acid (carbohydrate & fat decomposition) — Fatty acids, steroids, terpenoids, carotenoids.

Isoprene (oxidative stress) — Methyl venyl ketone(oxidative stress — drought, radiation)

Stored monoterpenes (ionization of GDP) — Ethanol (anoxic condition — root flooding)

Fig.5.1 Production and metabolism of plant VOC. GDP geranyl diphosphate, THF tetrahydrofo-
late, VOC volatile organic compound

Herbivore-induced plant volatiles (HIPV) and oviposition-induced plant vola-
tiles (OIPV) are by far the most studied plant VOC, specifically produced in response
to arthropod herbivore feeding, damage, and oviposition (Becker et al. 2015). In
intact plants, VOC with glycosidic linkage and the enzyme beta-glycosidase which
degrades the glycosidic bonds are located in vacuoles and cell walls, respectively.
This enzyme—substrate compartmentalization inhibits the hydrolysis. However, the
exogenous beta-glucosidase from the herbivores during piercing—sucking—chewing
of plant parts can hydrolyze the glycosidically bound VOC and release the VOC
(Dong et al. 2015). Herbivore attack generates superoxide by the action of nicotin-
amide adenine dinucleotide phosphate complex. This superoxide is converted to
H,O, which induces activation signaling by VOC like jasmonic acid, salicylic acid,
and ethylene that stimulates production of phytohormone (Dong et al. 2015).

HIPV can be broadly classified into two categories. Some are emitted constitu-
tively, and the remaining are induced only upon herbivore attack. Hemiterpenes like
isoprene, linalool, and f-myrcene belong to monoterpenes, (E)- f-caryophyllene
from sesquiterpenes, and eugenol from phenylpropanoids and (E)-2-hexenol; a type
of GLV is constitutively expressed. However, the levels of these VOCs are increased
upon attack by the herbivores (Becker et al. 2015). On the other hand, (E)- f-ocimene,
(E)- p-farnesene, methyl salicylate, methyl jasmonate, and (Z)-3-hexenyl acetate
belonging to monoterpenes, sesquiterpenes, benzenoids, fatty acid derivatives, and
GLYV, respectively, are induced only due to herbivore attack (Becker et al. 2015).
HIPV attract parasitoids and predators which feed upon herbivore arthropods as a
defense response in the neighboring plants in addition to exerting toxic effects on
the herbivores directly (Ode 2013; Gols 2014; Becker et al. 2015). This indirect
defense mechanism through HIPV is evident in as many as 49 plant species belong-
ing to 25 different families and insects from five different orders till date (Mumm
and Dicke 2010). Through protection from the insects, HIPV also increases plant
strength and fitness (Becker et al. 2015).

Secretion of sulfur-containing VOC by plant following attacks by herbivores
constitutes a multi-trophic interaction between plants and parasitoids. Roots emit
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higher amounts of sulfur-containing VOCs per gram dry mass than that of shoots
(Kergunteuil et al. 2015). In this regard, the local emission of sulfur-containing
VOC is more pronounced and temporarily dynamic in roots (Kergunteuil et al.
2015). Van Dam et al. analyzed the emission of sulfur-containing VOCs from
herbivore-damaged roots of six Brassica species and correlated the findings with
the composition of root glucosinolate which is a typical secondary metabolite
involved in plant defense (van Dam et al. 2012). Upon root damage, glucosinolate
is hydrolyzed to other VOCs such as thiocyanates, isothiocyanates (ITC), nitriles,
and epithionitriles which act as signaling cues by the predators and parasitoids to
trace the herbivorous hosts. This study showed that the emission of sulfide VOC is
species and time dependent but not influenced by the type of damage or glucosino-
late composition in the roots.

5.4  Functional Significance

VOCs are not directly involved in mediating growth, development, and reproduc-
tion in plant but participate in important ecological functions including inter- and/or
intraspecies cross-talks, antimicrobial activities, and defense strategies against pests
and pathogens (Abdullah et al. 2015a). They represent an important indicator for
biological processes such as cell to cell communication, regulation of physiological
processes, and modulation of interactions among a wide variety of organisms to
maintain ecological equilibrium and environmental integrity (Patti et al. 2012; Fall
et al. 1999). These semiochemicals function as hormones in the identification of
mates, cospecifics, competitors, and predators (Abdullah et al. 2015b; Pichersky
et al. 2006; Pichersky and Gershenzon 2002).

VOCs along with the nonvolatile compounds basically assist plants to adapt to
the environment (Wei et al. 2016). They are emitted to act as attractants/repellants
to/against the neighboring plants and other micro- and macroorganisms including
herbivores, pathogens, pests, pollinators, and parasitoids, to assuage the heat and
oxidative stresses, and to regulate the levels of systemic acquired resistance (SAR)
to various diseases (Pichersky and Gershenzon 2002; Dicke et al. 2009; Frost et al.
2008; Schwarz et al. 2009). VOCs thus represent a key component in a plant’s che-
motype and have imperative roles in plant’s ecosystem (Wei et al. 2016).

Application of high-throughput techniques such as proteomics and metabolo-
mics has allowed to gather enormous information about the biochemical and
molecular aspects of VOC, the mechanism of synthesis, and emission and explica-
tion of the probable functions of VOC. One of the frequently addressed questions
is that why do plants emit volatiles. Investigations have proved that several factors
such as endogenous circadian clock; various biotic stressors, e.g., pathogens and
herbivore feeding; and abiotic stresses such as drought, heat stress, and ozone actu-
ally induce the release of VOC from plants (Dong et al. 2016; Holopainen and
Blande 2012). The herbivorous-invertebrate feeding is considered to be one of the
major triggers for VOC emission by plants (Holopainen and Blande 2012). The
damaged roots transmit signals to distant parts and neighboring plants via VOC
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(Holopainen and Blande 2012). The amount and proportion of VOC emitted allow
the plant to send complex signals which then carry out assorted ecological func-
tions including plant-plant communication and communication with second
(herbivores and pollinators) and third (enemies of herbivores) trophic level organ-
isms (Holopainen and Blande 2012).

In general, the communication in the root systems is based on nonvolatile hydro-
philic exudates as water films shield the root surfaces and the soil particles, thereby
allowing the free flow of air within the soil pores. Recent evidences imply that VOC
are involved in root-root and root—microbial/pest interaction belowground as well
(Schenkel et al. 2015). The alkaloids and phenolic compounds are the major signal-
ing molecules found in the roots of the terrestrial plants grown in wet soil. These
compounds mediate self-inhibition, avoidance of underground obstacles, and alle-
lopathy. Studies with different varieties of barley cultivars demonstrated that VOC
from one variety significantly allocated more biomass to the roots of the other vari-
eties. This indicates that the phenomenon of coadaptation among different cultivars
may be implicated for harnessing adaptation under various environmental condi-
tions (Ninkovic 2003).

5.5 Mediators of Plant-Plant Communication

Pefiuelas et al. have proposed plausible ecological roles of root-secreted VOC
(Pefiuelas et al. 2014). Volatiles emitted by underground roots regulate plant to plant
communication mostly in the rhizosphere. This communication is important to dis-
tinguish between self-plants from the nonself ones. However the exact mechanism
that differentiates different types of signals is not totally understood (Holopainen
and Blande 2012). Experiments have shown that there is an increase in number and
size of root branches when a number of nonself-plants grow together relative to that
when the plants of same species are grown in the same place. This is possibly attrib-
uted to the increased availability of different kinds of nutrients for the plants grow-
ing in competition. Allogenetic recognition and physiological coordination among
the roots also result in allocation of greater amount of resources for growth of the
roots. This is believed to be mediated by VOC secreted by the plant roots. VOC,
thus, functions in recognition of kins among the plants grown together (Holopainen
and Blande 2012).

Volatiles such as sesquiterpene (E)-b-caryophyllene are induced in the roots to
deal with heat stress and damage caused by insect feeding. (E)-b-caryophyllene
forms 70 % of the total sesquiterpene secreted from the roots of Copaifera officina-
lis indicating the specificity of this compound in the legume’s roots (Chen et al.
2009). In in vitro experiments in sand-filled olfactometer, (E)-b-caryophyllene was
also produced from the damaged maize roots due to the rootworm (Diabrotica vir-
gifera) feeding. It was also demonstrated that (E)b-caryophyllene evaporated and
moved in humid sandy soil more swiftly. This latter observation indicates the rapid
movement and transmission of signals by VOC among the neighboring roots.
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5.6 Role in Plant Defense

In systemic acquired resistance (SAR) for various plants, viz., Arabidopsis thaliana
and Nicotiana tabacum (tobacco), salicylic acid (SA)-binding proteins possessing
esterase activity release the active defense volatile phytohormone SA through
hydrolysis of methyl salicylate (MeSA) (Slaymaker et al. 2002; Vlot et al. 2008).
The released SA is perceived by the receptors from the distant parts of the same
plant or on the conspecific or heterospecific neighboring plants. In addition to this,
neighboring plants might as well adsorb VOC and store them in the epidermis layers
and release them to the atmosphere as and when needed.

In a study, Wei et al. threw light on diverse composition of VOC and chief VOC
synthesizing enzymes from different tissues including roots in cucumbers. An
abundance of aromatic benzenoids particularly oxidized monoterpenes was
detected in the roots of the cucumbers. TPS11 and TPS14 were the two terpene
synthase genes identified to be involved in the synthesis of terpenoids in the roots
of cucumber. This study provides a solid foundation for future investigations of
both the physiological functions of VOC with respect to improvement of flavor in
cucumber plants (Wei et al. 2016). Proton-transfer-reaction mass spectrometry
(PTR-MS) analyses revealed that ethanol, acetaldehyde, acetic acid, ethyl acetate,
2-butanone, 2,3,-butanedione, acetone and the monoterpene, and 1,8-cineole are
the major VOCs released from Arabidopsis ecotype Columbia (Col-0) during
interactions with Pseudomonas syringae DC3000 and the aphid Diuraphis noxia
(Steeghs et al. 2004). The interactions between the pathogenic fungus Alternaria
brassicicola with cultured Arabidopsis roots showed a distinct pattern of VOC
emission with a release of high abundance of ethanol in addition to acetic acid,
acetone, ethyl acetate, and 1,8-cineole indicating a rapid switching to alcoholic
fermentation mode of metabolism induced by pathogen. This suggests that the
plant roots are proficient enough to adapt to the changing scenario in the rhizo-
sphere. Fingerprinting of VOC with functional genomics thus establishes a link
between gene regulation with metabolic pathways and synthesis of bioactive vola-
tile synthesis in response to pathogenic invasion in particular plant species (Steeghs
et al. 2004). A few studies have been reported that VOCs are secreted from plant
roots in the presence of insects (Neveu et al. 2002). Methyl jasmonate (MeJA) is an
example of such insect-induced VOC that triggers the release of proteinase inhibi-
tors and polyphenol oxidase in undamaged neighboring plants. In another study, in
response to contact with parasites, accumulation of phytoalexin was observed in
bean and barley plants (Farag et al. 2013).

5.7 Diversity of Rhizovolatiles of Bacterial Origin

Microorganisms colonizing in plant rhizosphere produce a large battery of VOC
which manipulate the assembly and activity of rhizobacteria/fungi in the host and
neighboring plants. Microbial activities include mineral sequestration, nutrient
assimilation, metal sorption, substance solubilization, toxin removal, pathogen
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repulsion, and disease suppression (Bailly and Weisskopf 2012; Kai et al. 2016).
Effects of microbial VOC on plants vary within a particular combination of plant
and microbial species as well as other biotic and abiotic factors (Schmidt et al.
2015).

Plant-associated microbiome practically covers the entire plant surface. They are
especially profuse in the nutrient-rich rhizosphere where the competition between
the different organisms is high (De Vrieze et al. 2015). Approximately 400 of the
10,000 described microbial species have been shown to produce VOC (Ortiz-Castro
et al. 2008). Till date, 1,088 VOCs identified from 517 microorganisms have been
clustered in KNApSAcK Metabolite Ecology Database (Abdullah et al. 2015a). A
total of 77 species of these are “pathogenic bacteria” that can be grouped into six
clusters, of which again three clusters contain 100 % pathogenic species including
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia coli, while the
remaining three clusters contain both pathogenic and nonpathogenic bacteria.
Among 517 microorganisms, 92 species emit only one type of VOC, while 14 have
been reported to emit 50 different types of VOC (Abdullah et al. 2015a). This statis-
tical data confirms that a few microbial VOCs can act as its odor fingerprint. A total
of 341 bacterial VOC from 1,044 species were reported to be associated with 11
types of biological activities. Of these, 57.3 % of the biological activities are related
to chemical ecology which includes plant growth enhancement, antimicrobial, anti-
fungal, attractant, defense, root growth inhibition, and repellent activities (Figs. 5.3
and 5.4; Table 5.2; Abdullah et al. 2015a). It is noteworthy to mention that the
chemical structure of VOC determines their biological activities. Isoprenes, ter-
penes, alkanes, alkenes, alcohols, esters, carbonyls, and acids are volatiles that help
in communication between microbes in a rhizo-consortium and the plants (Kai et al.
2007; Vespermann et al. 2007).
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Fig. 5.3 Proportion of bacterial species producing different volatiles with different functions
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Table 5.2 Bacterial volatiles and their functions

Cluster ID (count
of VOCs)

Chemical structure

Related biological activities

Cluster 1 (55) Terpenoids Antimicrobial; anticholinesterase;
defense; antioxidant

Cluster 2 (33) Hydrocarbons Antimicrobial; anticholinesterase;
antioxidant

Cluster 3 (41) Alkanes Biomarker

Cluster 4 (18) Alkenes Antifungal

Cluster 5 (21)

Aldehydes, esters, carboxylic
acid, ketone

Antimicrobial; antioxidant; biomarker;
anticholinesterase; repellant

Cluster 6 (25)

Alcohol and alkanes

Plant growth enhancement; root
elongation inhibition; odor

Cluster 7 (47)

Ester, carboxylic acid, ketone

Cluster 8 (15)

Epoxide, ether, ester, alcohol

Attractant; biomarker

Cluster 9 (42) Aromatic alcohol, carboxylic Attractant
acid, ester, ketone, ether

Cluster 10 (14) Aromatic compound Biomarker

Cluster 11 (30) Diverse (C0O-C6 molecules) Biomarker
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5.8 Beneficial Roles of Bacterial VOC

We are beginning to understand the effects of bacterial VOC on the growth and
development of plants. The effects of bacterial VOC on plant growth (promotion
and/or inhibition) have been nicely reviewed by Bailly and Weisskopf (2012). In
general, bacterial VOCs mediate multiple functions of intra- and interspecies
communication such as bacterial quorum sensing, growth and differentiation,
inhibition of phytopathogenic fungal growth and differentiation, plant health and
growth promotion (direct/indirectly), and antibiotic and stress resistance (De
Vrieze et al. 2015).

Bacterial volatiles contribute in mineral utilization of plants. One notable exam-
ple is during iron homeostasis in plants under iron-limiting conditions (Zamioudis
et al. 2015). VOC from ISR-inducing Rhizobacteria like Pseudomonas putida
WCS358 (recently renamed Pseudomonas capeferrum WCS358; Berendsen et al.
2015) was found to efficiently activate the expression of root transcription factor
MYBT7 and iron uptake-related genes including ferric reduction oxidase (FRO2) and
iron-regulated transporter1 (IRT1) in Arabidopsis independent of the iron availabil-
ity in the vicinity of the roots (Zamioudis et al. 2015).

This observation suggested that VOCs interact with cellular processes of plants
that rapidly utilize the iron from the internal iron storage of plants and enhance the
need for iron acquisition. Besides WCS358, seven other strains from the genus
Pseudomonas and the phylum Actinobacteria could also potently activate the pro-
moter of MYB72 gene suggesting that the members of the natural root microbiota
play an important role in upregulating the capacity for iron uptake in the plant roots.
To investigate the mechanisms of action of VOC from Bacillus subtilis in promotion
of plant growth, Meldau et al. showed that B55 strain contributed to sulfur nutrition
in Nicotiana attenuata (coyote tobacco) roots by increasing the sulfur absorption
ability of the plants (Meldau et al. 2013). Other VOCs, viz., 13-tetradecadien-1-ol,
2-butanone, and 2-methyl-n-1-tridecene identified from Pseudomonas fluorescens
SS101, were found to increase the number of lateral roots (Park et al. 2015).

VOC function is one of the chief determinants of induced systemic resistance
[ISR] and induced systemic tolerance [IST] to abiotic stresses, such as drought and
heavy metals in variety of plants including Arabidopsis thaliana (Zamioudis et al.
2015). With the help of VOC, plant growth-promoting rhizobacteria (PGPR) elicit
ISR and plant growth promotion even in the absence of physical contact with plants.
Initial research was conducted on the emission of VOC from plant growth-promot-
ing bacteria (PGPB), Bacillus sp., which evoked ISR and also enhanced plant
growth and development by improving plant mineral nutrition (Ryu et al. 2003,
2004a, b). VOC from Bacillus subtilis strain GB03 was shown to stimulate iron
uptake mechanisms in Arabidopsis, thereby improving the iron content of the plants
(Zamioudis et al. 2015). Following this discovery, numerous researches were under-
taken to identify VOC from different species belonging to Bacillus and non-Bacillus
genera and to study their role in plant growth promotion and disease suppression
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(Yietal. 2016). A number of in vitro culture-plate assays have been performed with
different plant species incubated with PGPR, and the VOCs secreted from the bacte-
rial species were identified. Petri dish bipartite studies have shown that acetoin and
2,3- butanediol secreted from Enterobacter cloacae JM22, Pseudomonas fluores-
cens 89B61, and Pseudomonas chlororaphis O6 could promote Arabidopsis growth
through ISR (Kai et al. 2016). 2,3-Butanediol is one of the most well-characterized
compounds isolated from a host of Gram-positive and Gram-negative bacteria,
namely, Aerobacter sp., Bacillus sp., Enterobacter sp., Klebsiella sp., and Serratia
sp. (Yi et al. 2016). Yi et al. demonstrated that 2,3-butanediol secreted by Bacillus
subtilis has protective role both for the plants and the microbes with the subsequent
development of ISR viaethylene and auxin homeostasis (Yietal. 2016; Kanchiswamy
et al. 2015). In another study, exogenous applications of 2,3-butanediol and its pre-
cursor 3-hydroxy-2-butanone (syn. acetoin) isolated from Bacillus subtilis GB03,
Bacillus pumilus SE34, and Bacillus amyloliquefaciens IN937a were found to pro-
mote the growth of Arabidopsis plants (Farag et al. 2013; Kai et al. 2016).
2,3-Butanediol suppressed the growth of soilborne pathogen Rhizoctonia sola-
nacearum and enhanced the growth of biocontrol Pseudomonas protegens Pf-5. The
composition of root exudates is modified by 2,3-butanediol which in turn influenced
the selectivity of the bacterial species in the rhizosphere. Thus in short 2,3-butane-
diol plays a role in the recruitment of the bacterial species at the junction of plant
roots. It also activated the synthesis and secretion of defense molecules such as sali-
cylic acid and ethylene from the plant roots and thereby enhanced the plant immu-
nity. A study had shown that 2,3-butanediol promoted the robustness of the bacteria
by protecting them against low pH of the rhizosphere by creating an alkaline envi-
ronment during multiplication of bacterial cells. These together explained the role
of 2,3-butanediol in promoting bacterial fitness and stability in the rhizosphere. In
addition to this, 2,3-butanediol ensures optimal functions of the cell wall-degrading
enzymes such as cellulase, pectinase, and protease and acts as an important factor
responsible for virulence of Pectobacterium sp. and Dicheya sp., the causative
agents for soft-rot disease (Kwan et al. 2013). VOC from Pseudomonas chlorora-
phis promoted growth by eliciting systemic resistance against the bacterial patho-
gen Erwinia carotovora in tobacco (Nicotiana tabacum) plants via GacS
kinase-dependent production of 2,3-butanediol (Han et al. 2006). Pseudomonas
chlororaphis also increased drought tolerance by stimulating the synthesis of jas-
monic and salicylic acids in plants (Kanchiswamy et al. 2015). Numerous other
bacterial VOCs such as those secreted from Burkholderia cepacia and Staphylococcus
sp. have also been detected in the plant rhizosphere. These compounds have shown
to improve plant growth. Along with Bacillus sp., volatiles from Stenotrophomonas
and Serratia inhibited the growth of mycelia of pathogenic fungus Rhizoctonia
solani and promoted growth in Arabidopsis thaliana seedlings, while the volatiles
from Burkholderia cepacia and Pseudomonas sp. retarded the growth of the fungus
to an extent.
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5.9 Regulation of Secretion of Bacterial Volatiles

Secretion of VOC by the bacteria in the rhizosphere is greatly influenced by exact
nature of multi-trophic interaction taking place in the rhizosphere. Following is an
example of how quorum sensing may be modulated by VOC. It has been noticed
that 2,3-butanediol stimulates GacS kinases which regulate the synthesis acyl-
homoserine lactones (AHLSs), a key molecule utilized by the bacteria to communi-
cate with neighboring organisms (Han et al. 2006). Emission of the volatile
metabolite 2-aminoacetophenone by Burkholderia ambifaria, Pseudomonas aeru-
ginosa, and Streptomyces sp., on the other hand, is found to be regulated by the
quorum sensing signals (Kai et al. 2016). This actually culminates into a nonrandom
loss in bacterial communities and hence the pattern of metabolite secretion (Hol
et al. 2015; Schulz-Bohm et al. 2015). Fungal VOCs have been shown to alter ther-
mostability of Collimonas pratensis and S. plymuthica PRI-2C (Schmidt et al.
2015). In a study, de Vriez et al. identified a series of compounds such as dimethyl
trisulfide (DMTS), S-methyl methanethiosulfonate (MMTS), nitropentane, isovale-
ric acid, undecanal, phenylpropanedione, propiophenone, and the simple ketones
3-hexanone, 2-decanone, and 2-undecanone secreted from different strains of
Pseudomonas to elicit anti-oomycete potential against Phytophthora infestans in
potato plants (De Vrieze et al. 2015). These compounds inhibited the growth of
mycelium in Phytophthora infestans in addition to harboring sporicidal activities
(De Vrieze et al. 2015).

5.10 Bioprospecting of Volatiles

A large number of VOC obtained from microbes and plants are used by humans as
food additives or flavors, drugs, and fragrances and in agriculture (Schenkel et al.
2015). The use of VOC as an alternative novel strategy in sustainable agriculture
and crop production has only recently been explored (Kanchiswamy et al. 2015). A
large body of literature has already documented in vitro effects of VOC in plant
growth promotion. Studies are ongoing to examine the suitability of several HIPVs
to enhance the efficacy of biological control agents (reviewed in Pefiaflor and Bento
2013). The strategies using plant VOC may be classified under four major catego-
ries. These include (1) selection and growing of plant cultivars that can release
HIPV to attract natural enemies, (2) application of exogenous elicitors in the plants
for induction of defense response, (3) release of synthetic HIPV to recruit natural
enemies for the crops directly, and (4) manipulation of target genes of HIPV to
enhance the production and release of volatiles and also to hasten the induced
defense responses.

Studies with various inbred lines of corn and cotton crops have revealed the
blends of HIPV vary among plant cultivars affect natural enemy foraging (Pefiaflor
and Bento 2013). Keeping in line, (E)-p-caryophyllene secreted by European variet-
ies helps the host to find entomopathogenic nematodes more efficiently than the
North American varieties, making the former a better biological control of the
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nematode (Rasmann et al. 2005). Therefore, selection of cultivars is important for
improving biological control.

To develop crop plants with better pest resistance, plant metabolism may be
engineered to target the pathways involved in VOC synthesis and regulation. The
strategies usually involve manipulation of expression of genes related to terpenoid
synthesis (TPs) and have been employed in model plants like Arabidopsis and crop
plants like cotton and rice (Pefiaflor and Bento 2013). The transgenic lines (Bt cot-
ton and Bt rice) with manipulated synthesis and secretion of terpenoids are capable
of attracting natural enemies better, which eventually affect the tripartite interac-
tions of the plant with the insects and nematodes. Jasmonic acid, salicylic acid, and
their metabolites such as methyl jasmonate, cis-jasmonate, and methyl salicylate are
widely used as exogenous elicitors. These molecules function as fake signals to trig-
ger the emission of a blend of toxins and HIPV even from the undamaged plants. As
a result of these signals, the undamaged crops become more resistant to herbivore
damage and begin to recruit natural enemies to both herbivore-infected and nonin-
fected plants. Methyl salicylate (MeSA) is one of the strongest candidates often
used as a synthetic plant volatile. It attracts a wide range of natural enemies in the
field and aids to biological control by suppressing herbivore populations.
Dimethylhexadecylamine, secreted by Arthrobacter agilis strain UMCV2, was
found to modulate the morphogenesis in Medicago sativa in vitro by increasing the
plant biomass and the length of the stem and the roots (Aviles-Garcia et al. 2016).
In petri plate assays, it enhanced the formation of lateral roots indicating the role of
this compound in plant growth and development. The racemic mixture of (RR) and
(SS) isomers of 2,3-butanediol isolated from Bacillus subtilis GB03 and Bacillus
amyloliquefaciens IN937a was found to trigger ISR when applied exogenously in
Arabidopsis seedlings and also reduced the severity of the pathogenesis caused by
Erwinia carotovora subsp. carotovora. Acetoin and 2,3-butanediol produced by dif-
ferent strains of Bacillus subtilis GBO3 have been shown to affect the protective
strategies of Arabidopsis upon infection. Both the transgenic and mutant lines of
Arabidopsis showed stimulated defense response against Bacillus subtilis through
increased production of ethylene. These studies highlight the role of bacterial VOC
as plant defense stimulators, an observation which may be applied in agricultural
field studies in future. In fact, VOCs have been applied in open-field studies very
recently for sustainable protection of crops (Song and Ryu 2013). Application of
VOC in open field thus remains a promising area to explore.

5.11 Conclusion

Small VOC emitted from microorganisms and the plants form important signaling
molecules and have dramatic effects on plant development and thereby might be of
help in better crop production and sustainable agriculture. However, the lack of
techniques to isolate and identify VOC has resulted in gaps in knowledge regarding
the functioning of VOC in rhizosphere. Therefore, to study the potentiality of VOC
in situ, modeling of native rhizosphere system and developing rhizosphere
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platforms by combining various sets of microorganisms and plant species, is very
much essential. This artificial system will mimic the functions and interactions of
VOC actually occurring in an environmental niche and will provide a better under-
standing of the functionality of VOC. The elucidation of probable functions of VOC
will provide solutions to exploit VOC toward developing cost-effective and eco-
friendly strategies in agricultural practices worldwide by replacing the necessity for
genetic modification and use of harmful pesticides, fungicides, and bactericides.
The knowledge on VOC composition from plants will help to engineer hypersensi-
tive genetically modified crops with better VOC secreting capabilities. The use of
these plants in agricultural fields will confer enhanced protection in the neighboring
plants through long-distance SAR via the released VOC. VOC may also be used to
direct the plants toward the applied biological control agents (BCA) in field studies.
In addition, VOC might have a great application toward development of trap crops
to attract pests. Thus, volatiles may provide solutions for the development of eco-
logically feasible and environmental friendly approach toward crop protection in
the future, thereby minimizing pest attacks and subsequent agricultural and eco-
nomic losses. However, the strategies need to be developed for the appropriate use
of volatiles in accordance to the geographical location and climatic conditions of a
region, also considering the flora and the fauna constituency of the country. This can
empower the biological control of harmful crop pests worldwide consequently lead-
ing to successful biological control programs.

Highlights

* Volatile organic compounds (VOCs) are small lipophilic compounds with
low boiling points and high vapor pressure and produced as secondary
metabolites from both micro- and macroorganisms.

* VOCs are important factors for aromatization of foods as well as key sig-
naling molecules for inter- and intraspecies communications, taking part in
plant—microbe and microbe—microbe interactions in rhizosphere.

¢ Plant VOCs have been classified on the basis of their chemical structures,
physiological functions, and biosynthetic pathways and are mostly charac-
terized by their structural diversity, species-specific property, and tissue
specificity.

* Endogenous circadian clock, biotic stressors like pathogens and herbivore
feeding, and abiotic stresses like drought, heat stress, and ozone actually
induce the release of VOC from plants, the most important being the
herbivore-induced plant volatiles (HIPV).

* VOCs from plants are the chief molecules for underground communica-
tion between neighboring plants and the other micro- and macroorgan-
isms, helping in kin recognition, self-avoidance, systemic acquired
resistance (SAR), long-distance signaling, defense response, and
allelopathy.
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e Bacterial VOCs (BVOCs) mediate multiple functions of intra- and interspe-
cies communication such as bacterial quorum sensing, growth and differen-
tiation, inhibition of phytopathogenic fungal growth and differentiation,
direct or indirect plant health and growth promotion, induced systemic
resistance (ISR), development of antibiotic, and stress responses.

¢ 2.3-Butanediol is one of the most well-characterized BVOCs isolated from
a host of Gram-positive and Gram-negative bacterial groups including
Aerobacter sp., Bacillus sp., Enterobacter sp., Klebsiella sp., Pseudomonas
sp., and Serratia sp.

e The methods practiced for sustainable agriculture can be grouped under
four major functional categories, namely, selection of plant cultivars with
high defense response, application of exogenous elicitors and synthetic
HIPV, and genetical manipulation of target genes of HIPV to enhance the
production and release of volatiles and also to hasten the induced defense
responses.

e In vitro and a few field-based studies on the use of BVOC in crop plants
have elucidated upon the application of VOC as an alternative novel strat-
egy for sustainable agriculture and crop production by replacing the chem-
ical fertilizers and pesticides.
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Volatile Organic Compounds in Food
Security: The Role of Neglected
and Underutilized Legumes
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Abstract

The significance of neglected and underutilized species in ameliorating micronu-
trient deficiency, food security, income generation and enhanced livelihood can-
not be doubted. This chapter reviewed current knowledge on the expression
patterns and functions of some leguminous plants proteome in response to vola-
tile organic compounds (VOCs) released during biotic and abiotic stresses. The
biogenesis of VOCs and their functional role in plant-plant signalling, environ-
mental and biological stress responses were highlighted. Experimental evidences
revealed that plant symbiont produce VOCs that induce resistance to phytopatho-
logical species and plant growth-promoting rhizobacteria (PGPR). The response
to biotic and abiotic flux is achieved through protein production which confer
resistance and survival ability to the plant through induced resistance patterns
either by induced systemic resistance (ISR) or systemic acquired resistance
(SAR). VOCs induced protein production under biotic stress related to bacterial
and fungal infection. Bioprospecting of VOCs in legumes is advocated for
improved food security as well as domestication and exploitation of their enor-
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mous potential for sustainable agriculture. The practical application of VOCs as
source of allelochemical in natural and agroecosystem towards improvement of
crop productivity is emphasized.

Keywords
Legumes ¢ Volatile organic compounds ® Proteomics ® Food security

6.1 Introduction

Numerous plant species that are cultivated for food across the globe are neglected
and underutilized even though they play a significant role in human nutrition, food
security and generation of income of the rural poor (Magbagbeola et al. 2010).
These crops are continually maintained by preferences of culture and traditional
practices, even though they are poorly characterized and neglected by research, con-
servationist (Dansi et al. 2012), plant breeders and policymakers and as such
described as ‘neglected and underutilized species (NUS)’ (Padulosi et al. 2013).
Despite huge potentials of NUS in reducing hunger, malnutrition and poverty, there
is little attention paid to allow full harnessing of the possible values, thereby placing
them under continual genetic erosion and disappearance danger which would fur-
ther cause restriction of development options for the poor. Several neglected and
underutilized crop species (NUCS) are very rich nutritionally (Padulosi et al. 1999;
Johns and Eyzaguirre 2006; Ghane et al. 2010), making their erosion an immediate
concern for global food security and nutritional status of the poor, and their improved
use can result in better nutrition and reduce hidden hunger and poverty (Dansi et al.
2012). Many NUCS have been shown to adapt to difficult environments that are
unfriendly for other conventional crops making capable of providing sustainable
productions (Mal 2007) and meeting global food security needs.

Legumes (family: Fabaceae) are known as the second most valuable plant source
for human and animal nutrition (Morris 2003). Legumes are said to be the third larg-
est family amongst angiosperms and consist of approximately 650 genera and
20,000 species (Doyle 1994). Legumes are a staple food for subsistence, particu-
larly in combination with cereals by a significant part of the human population.
Although several other common proteinaceous edible legumes such as cowpea, soy-
bean and other neglected and underutilized legumes that are occasionally used as
food are available on the market, the consumption rate is not commensurate with
production rate, and the demand is on the rise (Ali and Kumar 2000). Legumes are
rich in nutrient content including starch, protein dietary fibre, oligosaccharides,
phytochemicals and minerals, and they contribute to many health benefits to the
humans due to their nutritional contents (Hangen and Bennink 2002; Vucenik and
Shamsuddin 2006).

In the context of sustaining the global food security needs of humans, the exploi-
tation of wild or neglected and underutilized legumes is certainly of great impor-
tance especially for meeting the food security and nutritional and agricultural
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development needs of developing nations (Awoyinka et al. 2016). Several of the
wild or neglected and underutilized legumes are known to possess the required
nutritional requirements to fight hidden hunger and malnutrition in developing
nations. They are also known to cope with the increasing fluctuations in the climate
around the world, making them a genetic reservoir and a sustainable food source for
human consumption. Wild or neglected and underutilized legumes have recently
been shown to possess adequate amounts of nutrients such as essential amino acids,
protein, polyunsaturated fatty acids (PUFAs), beneficial bioactive compounds,
fibre, vitamins and essential minerals which are comparable to other common con-
sumed legumes (Awoyinka et al. 2016).

Some of the few wild or neglected and underutilized legumes include African
yam bean or yam-pea (Sphenostylis stenocarpa), adzuki bean (Vigna angularis),
Bambara bean or ground-bean (Vigna subterranea), mung bean (Vigna radiata),
pigeon pea (Cajanus cajan), velvet bean (Mucuna spp.) and lima bean (Phaseolus
lunatus). These neglected and underutilized legumes are shown to be genetically
diverse in nature. Bambara groundnut (Vigna subterranea (L.) Verdc.) is an impor-
tant neglected and underutilized legume crop which was believed to have originated
from West Africa (Hepper 1963) and was originally cultivated in the warm tropics
of Sub-Saharan Africa (Uguru and Ezeh 1997). Somta et al. (2011) showed high
similarity in the genetic distance between West African and Cameroon/Nigerian
species of Bambara groundnut. Consistency was found tight grouping in the major-
ity of West African accessions with Cameroon/Nigerian accessions, away from
Central African, East African and Southeast Asian accessions. It was shown that two
subpopulations of Bambara groundnut exist with one subpopulation having most of
the East African accessions and some Cameroon/Nigerian accessions, whereas the
other subpopulation had most of the West African accessions including most of the
Cameroon/Nigerian accessions (Somta et al. 2011). The diversity of Cajanus cajan
has also been reported in Nigeria where about 12 Mucuna accessions exist (Ezeagu
et al. 2003).

This chapter reviewed current knowledge on the expression patterns and func-
tions of some leguminous plant’s proteome in response to VOCs released during
biotic and abiotic stresses. Mainly, it will focus on how bacterial and fungal VOCs
elicit protein production and how this affects the survivability of the plant.

6.2 Volatile Organic Compounds: Elicitors of Plant’s
Defence Response

By virtue of their needs for normal growth, development and reproduction, plants
utilize several primary metabolites and concomitantly accumulate a broad spectrum
of natural products previously thought to be waste products for these organisms that
lack defined excretory systems. This vast array of chemicals or by-products of pri-
mary metabolism is termed secondary metabolites. Though not directly involved in
the immediate survivability of plants, secondary metabolites are said to play a cru-
cial role in plant’s interactions with their environment (Spinelli et al. 2011).
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Essentially, they function in intra- (between plants) and inter-organism (between
plants with microbes and animals) communications (Farag et al. 2013), as well as
protection of the plant against biotic and abiotic stresses (Liu and Zhang 2015).

In general, greater than 100,000 natural products are known to be synthesized by
plants (Dicke and Loreto 2010). Moreover, scientists have tried to classify them into
groups. However, till date, there is no fixed, common agreement upon system for
their classification. The most accepted classification is based on their peculiar struc-
tural characteristic which arises due to their biosynthetic nature and origin (Crozier
et al. 2007). In this, the majority of secondary metabolites belong to one of these
families, viz.:

e Alkaloids

e Terpenoid and steroids

¢ Polypropanoids

e Polyketides and fatty acids

e Others (specialized amino acids and carbohydrates)

At least, 1700 chemicals from these groups are known to be volatiles, the major-
ity of which are terpenes (Niinemets et al. 2004; Dicke and Loreto 2010). Volatile
organic compounds (VOCs) are carbon-based chemicals that have a high vapour
pressure which causes their molecules to evaporate easily under normal room con-
ditions. Their high volatility is due to the very low boiling point they possess (Dicke
and Loreto 2010). The plethora of these chemically divergent compounds released
annually into the atmosphere underscores their importance. For instance, biological
sources are said to emit about 1150 Tg of VOCs excluding methane per annum
(Goldstein and Galbally 2007), the majority (about 500 Tg) of which are produced
by terrestrial plants as isoprenoids and probably a similar amount as monoterpenes
(Dicke and Loreto 2010). These emissions occur almost exclusively from the sto-
mata of the leaves. However, certain VOCs are also emitted by the other above-
ground tissues (flowers and stems) and also below-ground from the roots. The rates
of emission of all plant VOCs are dependent on environmental temperature and
sunlight (Kesselmeier and Staudt 1999; Guenther et al. 2000). Supposedly, these
excess emissions of carbon compounds will substantially have a direct effect on the
amount of carbon fixed by plants and thus affect their physiology and productivity.
Therefore, the question is why do plants release these relevant amounts of crucial
carbon precursors?

Plant VOCs are involved in a wide range of functions which include plant-plant
signalling, environmental and biological stress response, indirect plant defence by
repulsion of polyphagous herbivores and pathogens, the attraction of herbivore’s
enemies and pollinators scavenge and removal of reactive oxygen species (ROS)
and thermo-tolerance. Even though there is ample knowledge on the processes and
metabolic pathways involved in the biosynthesis of several VOCs (Dudareva et al.
2004, 2006), very little is known about how plants can detect these signals and thus
the mechanisms with which they exact their specific functions (Holopainen and
Blande 2012). VOCs are not an exclusive preserve of plants; VOC emission is
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indeed recognized as a common property of a wide range of soil microbes since it
was reported in 2003 by Ryu et al. Noteworthy are the beneficial plant symbionts
which actively colonize the host’s roots, exerting different effects on plant develop-
ment (Pérez-Montaiio et al. 2014; Liu and Zhang 2015). Collectively, they are called
plant growth-promoting rhizobacteria (PGPR).

6.3  Rhizobacterial VOCs and Their Influence on Neglected
and Underutilized Legumes

Due to the remarkable and central role, plants play a role in fixing the solar energy
that powers all living processes, numerous microbiota surrounding the roots and
rhizosphere soil to take advantage of the nutritious environment. Plants, especially
legume roots, emit significant amounts of carbon- and nitrogen-containing com-
pounds into the ground which microorganisms utilize for growth and multiplication
(Van Loon and Glick 2004). Besides the symbiotic/mutualistic microbes that pro-
vide essential services to the plant, the soil environment also nurtures microbial
pathogens and insect herbivores. This incredibly diverse microflora in the small
zone around the roots (acclaimed to be one of the most energy-rich habitats on the
Earth) interacts within the confines of the available nutrients, consequently leading
to a vibrant interplay between the members of the microbial community (Choudhary
et al. 2007; Pieterse et al. 2014). These interactions can be synergistic and antago-
nistic, for example, PGPR can suppress diseases through antagonism between bac-
teria and soil-borne pathogens.

There is scanty information on the volatile organic compound profile of neglected
and underutilized legumes; information available in the literature have been shown
that legumes formed close association with bacteria in their root zone (nodule), and
the relationship formed is a nitrogen-fixing symbiotic relation with their legumi-
nous plant hosts, while the bacteria are called root nodule bacteria, collectively
termed rhizobia, and require high iron (Guerinot 1991). For example, Bradyrhizobium
strain MAO 113 (isolated from V. subterranea) has been shown to infect Vigna sub-
terranea (Gueye et al. 1998). Bradyrhizobium strain MAO 113 was originally iso-
lated from the root nodules and rhizosphere soil of Cajanus cajan (Jadhav and
Desai 1992). Clearly nitrogen-fixing symbiotic relation is evident in neglected and
underutilized legumes like other common leguminous plants. There is also docu-
mented evidence of the role of volatile organic compounds (VOCs) in improving the
effectiveness of nitrogen-fixing symbiotic relation in legumes. For example, the
model legume plant species, Medicago truncatula roots, was shown to form a spe-
cific root nodule symbiotic relationship with the nitrogen-fixing bacterium
Sinorhizobium meliloti, and the Sinorhizobium meliloti VOCs increased all plant
growth parameters by the M. truncatula perceiving its symbiont through VOC emis-
sions (Orozco-Mosqueda et al. 2013).

To date, eight bacterial volatiles possess a positive effect on plant growth, and these
include 2,3-butanediol, 3-hydroxy-2-butanone, 2-pentylfuran, N,N-dimethyl-
hexadecanamine, CO,, 13-tetradecadien-1-ol, 2-butanone and 2-methyl-n-1-tridecene



86 J. Grebosz et al.

(Ryu et al. 2003; Farag et al. 2006; Zou et al. 2010; Veldzquez-Becerra et al. 2011;
Bailly and Weisskopf 2012; Weise et al. 2013; Park et al. 2015). For example, the
inoculation of the legume plant Medicago sativa with Arthrobacter agilis UMCV?2
enhanced the growth and development of M. sativa seedlings (Veldzquez-Becerra
et al. 2011). The effect of Arthrobacter agilis UMCV?2 inoculation observed in the
roots system was linked to the bacterium VOCs’ role in root development. The VOC
was identified as N,N-dimethyl-hexadecanamine (dimethylhexadecylamine), an
amino lipid that has a similar structure to the quorum-sensing signals of bacteria,
which was found to modulate the bacterial growth and development of a plant in a
dose-dependent way. It was concluded that legume plants can perceive bacterial VOCs
to modulate growth and morphogenetic processes and identification of a novel signal-
ling molecule potentially involved in the interactions between plant and rhizobacteria
(Velazquez-Becerra et al. 2011).

6.4 Mechanisms of Plant Defence Responses

PGPR and its likes are agents that stimulate plant growth and manage soil and also
plant health. The question is how do these agents exert this biological control and
keep plants resistant to certain diseases?

Plants respond to various biotic stresses using their array of intrinsic defence
apparatuses to counteract the deleterious effects of pathogens and parasites. When
defence machineries are activated by a stimulus preceding infection by any biotic
stress, the disease can be reduced, or even the plant becomes resistant to the disease.
This phenomenon is called induced resistance — the situation of self-improved
protective capacity developed by a plant when aptly excited (Choudhary et al.
2007). This resistance can be developed in response to insect herbivory, as a result
of pathogenic infection, upon roots colonization by beneficial microorganisms or
following treatment with certain chemicals (Pieterse et al. 2014). Induced resistance
boosts the protective level of a plant against a vast array of attackers (Walters et al.
2013). Basically, the two most clearly defined forms of induced resistance are
induced systemic resistance (ISR) and systemic acquired resistance (SAR),
wherein the plant defensive machinery are prepared against future attacks from
pathogens by prior infections or treatment from the same or different groups of
organisms (Van Loon 2000).

6.4.1 Induced Systemic Resistance (ISR)

Upon an attack by a pathogen, induced resistance is not only expressed at the site of
induction but also systemically in plant parts that are not in the same zone with the
inducer, hence the term ISR (Walters et al. 2013). Therefore, ISR is not a confined
property at the zone of induction but rather a global property distributed throughout
the plant. ISR is acquired upon local induction by beneficial microbes such as the
rhizobacteria (PGPR), and it is one of the widely recognized mechanisms of
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biocontrol including competition for an ecological niche/substrate and production
of inhibitory allelochemicals by the host plant (Haas et al. 2002).

As mentioned earlier, ISR is potentiated by plant growth-promoting rhizobacte-
ria (PGPR), and several studies have revealed the molecular mechanism driving this
phenomenon. Typically, rhizobacteria-mediated ISR relies on jasmonic acid (JA)
and ethylene (ET) that are synthesized by the plant as signalling molecules. These
JA- or ET-induced pathways are characterized by the synthesis of a cascade of oxi-
dative enzymes (peroxidases, polyphenol oxidases and lipoxygenases) and accumu-
lation of low molecular weight compounds with antimicrobial properties
(phytoalexins) (Pieterse et al. 2001; Yan et al. 2002). Specific Pseudomonas strains
have been reported to induce systemic resistance in several plants including
Arabidopsis and bean. An Arabidopsis-based model system was used to study plant-
microbe interaction in which a non-pathogenic rhizobacterial strain Pseudomonas
Sfluorescens WCS 417r was used as the inducer. Colonization of the model plant
roots by the ISR inducer was found to elicit plant protection against several patho-
gens, including the bacterial leaf pathogens Xanthomonas campestris pv. armora-
ciae and P. syringae pv. tomato, the fungal leaf pathogen Alternaria brassicicola,
the oomycete leaf pathogen Peronospora parasitica and the fungal root pathogen
Fusarium oxysporum (Ton et al. 2002). In bean, an elevated level of hexanal (vola-
tile antifungal compound) with a concomitant expression of proteins involved in
hexanal synthesis was evident when ISR was elicited by P. putida BTP1 strain
(Ongena et al. 2004).

Several studies have shown PGPR stimulating an SA-dependent ISR similar to
pathogen-induced SAR even though ISR by beneficial microbes is triggered through
JA and ET pathways which are salicylic acid (SA)-independent mechanisms. A
typical example is an SA-producing Pseudomonas aeruginosa TNSK2 shown to
enhance disease resistance in wild-type bean (Audenaert et al. 2002). Even though
several rhizobacteria possess the ability to synthesize SA, it is commonly not the
key inducer of the observed systemic resistance (Ran et al. 2005; Djavaheri et al.
2012).

6.4.2 Systemic Acquired Resistance (SAR)

SAR was coined by Ross (1961) in an attempt to denote the phenomenon in which
uninfected systemic plant parts develop immunity to a distant infection in the plant.
SAR is acquired upon local induction by pathogens; it could be triggered by plant
exposure to virulent or avirulent microbes (Pieterse et al. 2014). Pathogen-induced
SAR is characterized by elevated levels of the plant hormone salicylic acid (SA)
(Vlot et al. 2009). Furthermore, induction of SAR is associated with the synchro-
nized activation of pathogenesis-related (PR) genes, several of which are responsi-
ble for the expression of a cascade of PR proteins with antimicrobial activity. These
proteins include antifungals such as thaumatins, chitinases and glucanases. PR-1 is
the best-characterized PR gene, and it is often used as a biomarker for SAR (Van
Loon et al. 20006).
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From the above explanations, it can thus be concluded that, although ISR and
SAR are somewhat synonymous in which they are effective against a wide range of
attackers, for practical reasons they are referred to differently. ISR is referred to
when plant resistance is induced by a beneficial microbe (rhizobacteria mediated) or
established to proceed via an SA-independent pathway and SAR when a pathogen
triggers the induced resistance or confirmed to be SA dependent. It has also been
reported that an amalgamation of ISR and SAR can intensify plant protection
against attackers that are resisted through both routes, as well as broaden protection
to a wider range of pathogens than ISR or SAR alone (Van Loon and Glick 2004;
Haas and Defago 2005).

6.4.3 Hypersensitive Response (HR)

This is a form of resistance in plants characterized by deliberate cell death at the
point of attempted pathogen entrance/infection. It occurs when the plant specifically
recognizes the attacker during an incompatible interaction. The defence response
proceeds with the accumulation of PR proteins, deposition of callose and lignin in
the cell wall near the infection site and rapid death of plant cells at the location of
the infection. These events essentially help prevent the spread of infection to other
parts of the plant by limiting nutrient availability and thereby restricting growth and
spread of microbial pathogens (Lamb and Dixon 1997). This line of defence is often
used by certain plant species when pathogens suppress their basal resistance. HR is
often accompanied by a broad spectrum of defence mechanisms in nearby cells; the
onset of SAR is often a result of this response (Delaney 1997).

HR mechanism of elicitation involves the expression of a multitude of defence
genes and the synthesis of antimicrobial secondary metabolites such as phytoalex-
ins (Truman et al. 2006). It also triggers the synthesis and build-up of signal mole-
cules such as SA, JA and protein kinases, activation of transcription factors and
degradation of proteins by the polyubiquitin system (Pandey et al. 2005). HR is well
characterized by the induction of the molecular biomarker Athsr in Arabidopsis
thaliana following its leaves infiltration with the bacterial pathogen Pseudomonas
syringae pv. tomato (Christopher-Kozjan and Heath 2003).

6.5 VOCs Links with the Proteome of Legumes

Proteomics is a study of structures and functions of the all proteins encoded by the
organism’s genome (called proteome) (Boersema et al. 2015; Marklund et al. 2015;
Mozzi et al. 2016). The proteome is very labile and changes altogether with envi-
ronmental conditions as well as with each organism’s compartment. Moreover, pro-
teome can be modified due to the post-translational modifications (PTMs),
alternative splicing or protease activity (Mozzi et al. 2016). Nowadays, some
advanced techniques have permitted analysis of the proteome in terms of activity,
structure, degradation (degradomics), turnover, stoichiometry, localization and
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dynamics of the protein pathways (Boersema et al. 2015). The most popular tech-
niques of proteomics are two-dimensional gel electrophoresis (2-DE) (including
immobilized pH gradient — IPGs as the second dimension) followed by mass spec-
trometry (MS) (Gorg et al. 2004). These methods allow quantitative and qualitative
protein expression analysis (Gorg et al. 2004; Boersema et al. 2015). Although pro-
teomics is a highly used technique, there are just a few articles about the interaction
between VOCs and the proteome of legumes. Thus, this chapter contains more gen-
eral overview on the subject, also taking into account some studies beyond pro-
teomics and legumes.

6.5.1 Biotic Stressors VOC-Connected Influence
on the Proteome

Biotic stressors (insects and microorganisms) cause one of the following plant
responses: systemic acquired resistance (SAR) or induced systemic resistance
(ISR) — depending on the type of stressor and the regulatory pathway induced. SAR
is regulated by salicylate (SA), while ISR is by jasmonate (JA) and ethylene. This
results in the production of specific secondary metabolites such as pathogenesis-
related proteins (PR proteins) and VOCs (Vallad and Goodman 2004). Both ways of
response lead to the increased resistance to the biotic agents (Dicke et al. 2009).

6.5.2 Bacterial and Fungal VOCs’ Influence on the Plant’s
Proteome

VOCs are produced by some microorganisms (bacteria and fungi) as well as by
plants themselves. Researchers showed that there are some fungi (mycorrhizal
fungi) and bacteria (plant growth-promoting rhizobacteria — PGPR) capable of pro-
ducing VOCs somehow beneficial to plants. The PGPR bacteria living in the soil
were proved to produce VOCs (i.e. 2,3-butanediol and acetoin by Bacillus subtilis,
dimethyl disulphate by Bacillus sp., tridecane by Paenibacillus polymyxa) that pro-
tect plants from phytopathogenic (bacterial and fungal) infection. For instance,
PGPR VOCs have been shown to protect Arabidopsis from infection by Erwinia
carotovora spp. carotovora and Pseudomonas syringae pv. tomato and pv. maculi-
cola as well as tobacco from Botrytis cinerea and Cochliobolus heterostrophus
through induction of ISR (Ryu et al. 2004; Kai et al. 2008; Burketova et al. 2015).
The very effective antifungal activity (reducing fungal growth) was also connected
with the use of such bacteria as Stenotrophomonas spp., Serratia spp. and B. subti-
lis. The VOCs from the mentioned bacterial species limited the growth of some
fungal strains, i.e. P. carneus, M. bolleyi, P. betae, S. sclerotiorum and T. strictipile.
The bacterial strains were able to restrict the growth of Sclerotinia, Verticillium and
Rhizoctonia that are well-known phytopathogens (Kai et al. 2008). The VOCs that
limit the mycelia growth of S. sclerotiorum are benzothiazole, cyclohexanol,
n-decanal, dimethyl trisulphide and 2-ethyl-1-hexanol, while the germination of this
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fungi is constrained by allyl alcohol (Huang et al. 1997; Fernando et al. 2005).
Another PGPR bacterial, Pseudomonas fluorescens VOCs, have been observed to
limit growth of such pathogenic fungi as Rhizoctonia solani and limit symptoms of
Botrytis cinerea attack in Medicago truncatula (Kai et al. 2007; Hernandez-Leon
et al. 2015). P. fluorescens is able to produce such VOCs as, i.e. 2,3-butanediol,
butanal-3-methyl, isoprene, or acetone (Farag et al. 2006). However, the most
important P. fluorescens VOCs regarding protection from phytopathogens are
sulphur-rich compounds, i.e. dimethyl disulphide (DMDS), with proved antifungal
activity through inducing ISR in plants (Huang et al. 2012; Hernandez-Leon et al.
2015). Moreover, the PGPR enhance plant’s shoot and root growth as well as
improve photosynthetic activity, nutrients uptake and biotic and abiotic stress toler-
ance (Kwon et al. 2010; Vaishnav et al. 2015).

PGPR bacteria living in the soil, namely, Bacillus subtilis GB03 and Bacillus
amyloliquefaciens IN937a, were proved to induce photosynthesis, root and shoot
growth and ISR as well (connected with the improved production of proteins
involved in ethylene signalling pathway) (Ryu et al. 2004; Zhang et al. 2007; Kwon
et al. 2010). The improved photosynthetic rates (reflected in the upregulation of
plastid-specific proteins) are connected with the increased ion uptake (especially
iron) caused by the B. subtilis VOC influence. Furthermore, VOCs of Bacillus sp.
increase plant’s growth rate probably due to the regulation of auxin homeostasis
(Zhang et al. 2007). Also, they induce proteins involved in gluconeogenesis and
TCA cycle — both pathways producing the energy needed for the growing at the fast
pace plant (Kwon et al. 2010). In general, VOCs from B. subtilis upregulate 61 and
downregulate 34 proteins in Arabidopsis. GB03 strain VOCs cause changes in
expression of proteins responsible for the following: responsive to stimulus (32%),
carbohydrate metabolism (18%), biosynthesis of plant hormones (17%), photosyn-
thesis (10%), amino acid metabolism (10%), nitrogen metabolism (4%), oxidative
stress (3%) and structure (2%) (Kwon et al. 2010). It was pointed out that the GB0O3
strain contributes to the improved resistance of a plant to the pathogenic bacteria,
such as Erwinia carotovora spp. carotovora through turning on the ethylene signal-
ling and ISR. The key role of ethylene was confirmed by the proteomic study of the
influence of B. subtilis VOCs on A. thaliana where researchers observed upregula-
tion of the enzymes participating in ethylene biosynthesis (aspartate aminotransfer-
ase, methionine adenosyltransferase 3, S-adenosylmethionine synthetase
2 — SAM-2) (Kwon et al. 2010). S-adenosylmethionine synthetase is a catalyser of
the production of S-adenosylmethionine (AdoMet) which is connected with
increased resistance to both biotic and abiotic stresses. Moreover, it was observed
that bacterial VOCs cause the high expression of antioxidant and oxidative stress-
related proteins, such as thioredoxin-dependent peroxidase 1, dehydroascorbate
reductase, Fe superoxide dismutase 1 (SOD), glutathione S-transferase, structure of
glutathione S-transferase, ascorbate peroxidase (APX) and glutathione reductase.
These enzymes are capable of removing reactive oxygen species (ROS) which are
produced during both biotic and abiotic stresses causing secondary oxidative stress.
Thus, bacterial VOCs seem to have a potential role in improving the plants resis-
tance not only to biotic but also abiotic stresses, such as drought or high salinity
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(discussed later on in this chapter). The former is also connected with the fact that
VOCs might modify the negative influence of ROS on cells even during quite severe
stress (Kwon et al. 2010). Bacillus sp. is already used in biofungicides (trade name —
Kodiak for legumes) because of its antifungal activity (anti-Fusarium, anti-Pythium,
anti-Aspergillus, anti-Rhizoctonia) (Perez-Garcia et al. 2011).

Research indicates that there are also some molecular mechanisms contributing
to the enhanced tolerance of plants subjected to the PGPR VOC activity to abiotic
stress. A study on PGPR bacteria Pseudomonas simiae strain AU and its VOCs
influence on soybean (Glycine max L. Merrill; legume) sheds some light on the
background of these mechanisms from proteomics point of view (Vaishnav et al.
2015). Despite some knowledge on the other PGPR from Pseudomonas sp., P. sim-
iae strain AU is very poorly investigated regarding VOCs identification or interac-
tion with phytopathogens. However, it was shown that P. simiae VOCs have a
positive influence on soybean’s growth (even under abiotic, salt stress conditions)
(Vaishnav et al. 2013). The bacterium contributes to the increased tolerance of soy-
bean to salinity due to proline accumulation (playing a crucial role in osmotic
adjustment and protection from proteins degradation) and reduction in Na* ions
build-up. Moreover, it has been proved that the P. simiae strain AU VOCs induce
soybean’s ISR and upregulate proteins such as vegetative storage protein (VSP),
gamma-glutamyl hydrolase (GGH) and RuBisCo large-chain protein. VSP influ-
ences Na* transporters and is responsible for the accumulation and maintaining the
homeostasis of Na* ions. Due to the fact that high Na* ions uptake under salt stress
conditions is a fundamental element in causing salt toxicity in the plant, it seems
that VSP protein plays a major role in enhancing soybean’s salt tolerance (which is
supported by the other study on VSP2 gene that upregulated expression is known to
increase salt tolerance). GGH is also crucial in raising the salt tolerance in develop-
ing plants (seedlings). Also, it participates in folate metabolism. Upregulation of
RuBisCo (chloroplast-specific protein with a key role in photosynthesis) after P.
simiae VOC exposure indicates that bacterial VOCs alleviate photosynthesis rate-
limiting properties of the salt stress. Thus, VOCs’ blend of P. simiae can improve
the tolerance of soybean to osmotic/salt stress (Vaishnav et al. 2015). Other research-
ers confirmed that P. simiae can improve the tolerance of abiotic stress, such as
drought also of the other legumes (mung bean — Vigna radiata L.) by inducing ISR
(resulting in proline accumulation, reduction of stomata size, etc.) (Kumari et al.
2016). Other proteins with important functions in enhancing the resistance to salt
stress are aquaporins which might be influenced by some mycorrhizal fungi and
PGPR bacteria as well (Wani and Hossain 2016).

Furthermore, a few avirulent, plant-symbiont fungi species are also able to pro-
duce VOCs that induce plant resistance against some phytopathogens. These non-
pathogenic fungi that colonize plants roots belong to the Trichoderma sp. just like
PGPR, usually positively affects root growth, crop productivity, the uptake and use
of nutrients as well as resistance to abiotic stresses (Harman et al. 2004; Stoppacher
et al. 2010; Hung et al. 2013). Some of the positive effects of Trichoderma are con-
nected with the production of VOCs, such as isobutyl alcohol, 3-methylbutanal and
isopentyl alcohol (synthesized by 7. viride; no 6PP identified in this species) which
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result in growth promotion of Arabidopsis thaliana (Hung et al. 2013). Moreover,
Trichoderma can limit the growth of the other fungi by direct (mycoparasitism,
antibiosis) or indirect action (induced plants resistance, SAR). Namely, 7. harzia-
num, T. asperellum and T. atroviride were proved to induce plant resistance against
pathogenic fungi, and due to this, the strains are used as biofungicides (against
moulds) (Harman et al. 2004; Stoppacher et al. 2010; Hung et al. 2013). Trichoderma
asperellum IsmTS5 limits the severity of Botrytis cinerea and Alternaria brassicicola
attack in Arabidopsis thaliana (although with the simultaneously reduced growth of
Arabidopsis). Its antipathogenic effect is connected with the VOC called 6-pentyl-
a-pyrone (6PP) which can act directly to lessen the germination of Alternaria spores
and indirectly by inducing the Arabidopsis defence responses (ROS, anthocyanins
accumulation, etc., similar to the response to oxidative stress) (Kottb et al. 2015).

As mentioned previously, Trichoderma atroviride was proved to act as an antag-
onist of some pathogenic organisms (i.e. Botrytis cinerea, Rhizoctonia solani). This
species (strain P1) reduced the symptoms of Xanthomonas campestris pv. phaseoli
infection in bean by 54% (Harman et al. 2004). Because Trichoderma sp. elicits
SAR or ISR through various ways, such as by specific peptides, proteins and low
molecular weight compounds production, still little is known about VOCs involved
in this process (Harman et al. 2004). Interestingly, it has been proved that
Trichoderma VOCs might have various effects on Arabidopsis growth depending on
the age of Trichoderma culture and the plant itself. Despite the fact that 7. atroviride
5-days and 14-day cultures were proved to produce 6PP (proved to induce plants
growth and defence response previously), the former resulted in growth inhibition
of young Arabidopsis seedlings (Lee et al. 2015). T harzianum and T. atroviride
VOCs, 6PP and harzianopyridone, positively influenced pea, tomato and canola
growth and decreased the symptoms of B. cinerea and L. maculans on tomato and
canola, respectively. 6PP activity is concentration dependent; it acts as a resistance
stimulus in low concentrations and as a phytotoxin in high concentrations (Vinale
et al. 2008). Furthermore, 6PP limits the growth of pathogenic fungi, such as F.
oxysporum f. sp. lycopersici, and the production of deoxynivalenol — a mycotoxin
synthesized by Fusarium graminearum (Scarseletti and Faull 1994; Cooney et al.
2001). 6PP, together with some VOCs from T. atroviride, has been proved to be
limited by mycotoxin — fusaric acid (FA) produced by some Fusarium species
(Stoppacher et al. 2010). Moreover, T. atroviride was shown to produce 1-octen-
3-ol — a VOC which is a product of fatty acid metabolism, present in mushrooms
and known to induce Arabidopsis defence response (Kishimoto et al. 2007;
Stoppacher et al. 2010).

Unfortunately, to our knowledge, there is no evidence of proteomic study done
on the influence of 6PP compound on legumes. However, a more general proteomic
study about the three-way interactions (including the physical contact) between
plant, Trichoderma atroviride and fungal pathogens (B. cinerea and R. solani) was
carried out (Marra et al. 2006). The study indicates that Trichoderma influences
fewer proteins in plants compared to the plant-pathogen or plant-pathogen-
Trichoderma interaction proteome influence. Trichoderma, as well as B. cinerea
interaction, resulted in the accumulation of homologues of PR proteins, such as
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PR-4 and thaumatin-like protein, and proteins related to the activation of plant resis-
tance mechanisms in beans. For example, nucleotide-binding site leucine-rich
repeat (NBS-LRR)-type resistance protein was identified during interaction with
Trichoderma as well as pathogens (in vast amounts in the presence of R. solani).
This protein takes part in inducing apoptosis and hypersensitive response — HR
through recognition of pathogenic metabolites. Noteworthy, PR proteins in beans
are less upregulated in response to Trichoderma and pathogen than to pathogen
alone. Interestingly, it was found that some defence-related proteins activated by
pathogens were decreased in Trichoderma-bean interaction. Thus, Trichoderma
presence can reduce protein-based resistance in beans. However, Trichoderma
induces a specific defensive response in plants which was proved by identification
of at least two PR proteins in bean leaves. Trichoderma itself caused 39 appeared ex
novo, 87 absent, 27 upregulated and 38 downregulated proteins in the bean. 7. atro-
viride alone decreased probable disease resistance of RPP8-like protein and SGT1-
like protein (leading to the absence of the protein) while increased the production of
thaumatin-like PR-5b protein (high upregulation) and pathogenesis-related protein
4B (slight increase) in bean leaves. Meanwhile, B. cinerea treatment influenced the
mentioned proteins as well but in a different pattern. Namely, B. cinerea caused
more significant reduction of RPP8-like protein but lower decrease of SGT1-like
protein production compared to Trichoderma-treated plant proteome. Also, B. cine-
rea alone led to a decrease in production of pathogenesis-related protein 4B and the
more limited upregulation of thaumatin-like PR-5b protein than T. atroviride.
Interestingly, combined 7. atroviride and B. cinerea treatment on the plants showed
induced synthesis of all four mentioned plant defence proteins. Moreover, com-
bined treatment showed higher protein induction compared to 7. atroviride or B.
cinerea treatment alone. Trichoderma and R. solani were also found to influence
some defence-related proteins. Trichoderma treatment led to a higher accumulation
of the NBS-LRR-type resistance protein, pathogenesis-related protein 10c,
ribonuclease-like PR-10a protein as well as resistance RPP8-like protein and to a
decrease in disease resistance protein production. On the other hand, R. solani stim-
ulated all of the specified protein production, often in a more profound manner
compared to Trichoderma-influenced plant. With the exception of disease resistance
protein, all the aforementioned proteins were upregulated under simultaneous 7.
atroviride and R. solani treatment. However, the induction of the synthesis was
lower compared to the upregulation occurring under R. solani treatment alone.
Moreover, researchers found some homologues of known hydrophobins (avr pro-
teins) in 7. atroviride during the interaction with plants which might be involved in
inducing a hypersensitive response (HR) and SAR. T. atroviride contributes to ROS
production in the plant which is reflected in a stimulation of SOD production by B.
cinerea when a three-way interaction with 7richoderma occurs (SOD removes
ROS, produced by the plant as a defence response, and supports the pathogenic
activity). In conclusion, Trichoderma influences different from pathogens groups of
proteins in bean and modifies the synthesis pattern of proteins in a three-way inter-
action (plant-Trichoderma-pathogen) which shows that Trichoderma increase
plants’ resistance to pathogenic organisms at the molecular level (Marra et al. 2006).
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Some mentioned proteins, called PR proteins, are produced by plants mostly
under unfavourable conditions (with none or a minor production in the usual envi-
ronmental state). These proteins are synthesized during both abiotic (cold, drought,
heavy metals) and biotic (microbial infection, insect attack) stress. Some groups of
PR proteins (PR-1, 2, 3,4, 5, 6, 12, 13) were proved to limit fungi growth (Sudisha
et al. 2011; Chassot et al. 2007; Sels et al. 2008). There are 17 PR protein classes
known so far that possess various properties (i.e. chitinase, peroxidase, defensin,
thionin, proteinase inhibitors). The size of these proteins varies between 5 and
75 kDa. PR proteins were proved to have antimicrobial and anti-herbivore proper-
ties. However, these abilities are limited to specific PR proteins against certain phy-
topathogens. Interestingly, not all PR proteins suppress phytopathogens’ growth,
although it is thought that this kind of proteins is still somehow involved in plant
defence response. Different PR proteins (even belonging to the same family) are
synthesized in various, specific plant organs (Sels et al. 2008). The PR-12 class
includes plant defensins that have properties of alpha-amylase, ion channel block-
ing and antibacterial activity. The PR-13 class contains small (5 kDa), cysteine-rich
proteins called thionins. Due to their ability to permeabilize cell membranes, thion-
ins possess antifungal (i.e. Fusarium oxysporum) as well as antibacterial (i.e.
Pseudomonas syringae) properties. Another class, PR-14, consists of small
(7-9 kDa), cysteine-rich lipid transfer proteins. They owe their name to the ability
to transfer phospholipids (phosphatidylinositol, phosphatidylcholine, galactolipids)
non-specifically between membranes (Sels et al. 2008). They are usually produced
in leaves and flowers and seldom in roots after some biotic or abiotic stress. It was
proved that PR-14 proteins have antimicrobial activity against Pseudomonas syrin-
gae and B. cinerea, probably connected with the permeabilization of the cell mem-
branes (Jung et al. 2005; Sels et al. 2008) (Table 6.1).

6.5.3 Herbivore-Legume Interaction and Its Influence on VOCs
and Proteome

Another type of interaction that plants are subjected to is connected with the herbi-
vores. There are different groups of herbivores able to affect plants in various man-
ners, i.e. tissue-feeding caterpillars, cell-feeding thrips and phloem-feeding aphids
(Choudhary et al. 2008). Aphids are phloem-feeding herbivores causing significant
crop yield losses due to the phloem ingestion and virus transmission (Carillo et al.
2014; Babikova et al. 2014; Brechenmacher et al. 2015). Examples of aphids are
green peach aphid, Myzus persicae, as well as pea aphid — Acyrthosiphon pisum.
Myzus persicae is a pest that feeds on various plants species (c.a. 400 host plant
species), vegetables, field crops and greenhouse crops (Feng and Isman 1995;
Truong et al. 2015), whereas A. pisum can attack bean, soybean as well as pea and
alfalfa crops (Carillo et al. 2014; Babikova et al. 2014; Brechenmacher et al. 2015).
The interaction between plants and aphids has been investigated mostly by genetic
and transcriptomic approaches with very limited number of proteomic studies
(Ferry et al. 2011; Carillo et al. 2014).
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Plants developed the ability to respond to herbivory stress through SAR or
ISR. The various secondary metabolites are produced by plants depending on the
plant and elicitor involved in the interaction as well as the species and developmen-
tal stage of the herbivore. The factors that can improve the resistance to biotic stress-
ors are VOCs as well as PR proteins produced by plants during ISR (Choudhary
et al. 2008; Truong et al. 2014). Plant VOC:s are released as a response to herbivore
wounding or herbivore-associated molecular patterns (HAMPS), i.e. as a reaction to
fatty acid-amino acid conjugates (FACs) present in the herbivore saliva and contact-
ing with the host plant. VOCs can act as a direct (discouraging to herbivorous
behaviour) or an indirect defensive mechanism (by attracting predators of the insect
herbivores) (Baldwin et al. 2002; Harmel et al. 2007; Huffaker 2015). Indeed, latest
field experiments indicate that additional introduced portion of methyl salicylate —
MeSa — limits the aphid infestation on plants and attracts natural enemies of the
aphids as well (Cai et al. 2015). However, there is some evidence already of the
ability of some aphids to avoid triggering VOCs emission in plants (Walling 2008;
Schwartzberg et al. 2011). Interestingly, some mycorrhizal fungi, despite their posi-
tive role discussed earlier in this chapter, change plant VOCs’ profile so that it
appears more attractive to aphids. The attractiveness to aphids is strictly connected
with low sesquiterpenes, especially (E)-p-farnesene (which is known aphids repel-
lent and predators attractant) production (Babikova et al. 2014; Truong et al. 2014).

Proteomic analysis was carried out in order to examine the levels of protein syn-
thesis in Arabidopsis in response to generalist sucking pest Myzus persicae Sulzer
(Truong et al. 2015). Myzus persicae was proved to induce Arabidopsis VOC pro-
duction. Interestingly, the production of two VOCs, 4-methylpentyl ITC and ter-
pene, was positively correlated with the aphids’ density on leaves (Truong et al.
2014). Proteomic analysis showed that 3 days of aphid infestation mostly increased
the production of some photosynthetic proteins in Arabidopsis. However, the small
chain of RuBisCo was downregulated in response to insect attack. Researchers
explain this fact as a result of ROS activity that can damage the protein. The other
hypothesis is based on the conviction of the need of carbon transfer in order to
respond to the infection. Due to specific enzymes present in aphid saliva, aphids
cause also changes in metabolism of sugars in plants. Moreover, aphid attack results
in modification of amino acid metabolism. The former is reflected in the high pro-
duction of alanine aminotransferase in aphid-infested plants. The sucking pests can
also induce the production of ATP synthase (subunit beta) as well as elongation
factor Tu. The translation-related factor Tu is connected with defence responses of
plants. Interestingly, aphid attack causes downregulation of other proteins (receptor-
like protein kinase, hydroxyproline-rich glycoprotein) involved in plants’ response
to stressors (Truong et al. 2015). The reason of the downregulation of these proteins
is unknown, although it might be connected with energy conservation after aphid
attack (Truong et al. 2015). In general, it was observed that more defence-related
proteins are upregulated as a response to microorganisms than to insects (Stintzi
et al.1993; Almagro et al. 2009; Liu et al. 2010).

As mentioned previously, the aphid infestation leads to the plant VOC produc-
tion that are repellent to the insects. This finding has been supported by some papers
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focusing on various plants species (Harmel et al. 2007; James 2003; Zhu and Park
2005). However, the VOCs’ profile seems not to change significantly due to the
aphid infestation regarding some plants species, namely, for Vicia faba — bean.
Researchers found that aphids Acyrthosiphon pisum L. don’t influence significantly
the VOCs production of bean (besides increasing the (E,E)-2—4-hexadienal, (Z)-3-
hexenol and (E)-p-farnesene secretion) (Babikova et al. 2014; Schwartzberg et al.
2011). It has been proposed that this fact might be correlated with possibility of the
adaptation of aphids to bypass triggering VOCs synthesis as well as to actively
inhibit the plant VOCs production, thereby to suppress the plant’s response (Walling
2008; Schwartzberg et al. 2011). Pea aphid is able to inhibit the production of (E)-f-
ocimene and (E)-fp-caryophyllene which are compounds that attract a parasitoid. It
is noteworthy that other herbivore — beet armyworm caterpillars (chewing insect) —
attack results in significant volatile (i.e. (E)-p-caryophyllene, (E,E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene) release in bean (Schwartzberg et al. 2011).

Carillo et al. (2014) investigated a proteomic response of pea (Pisum sativum) to
A. pisum attack. A resistant cultivar (P665) acts in a few pathways in order to over-
come the negative effects of the aphid infestation. Namely, limiting the photosyn-
thesis and biosynthesis of amino acids in the resistant line (with an increase of these
in the susceptible Messire cultivar) is associated with its hostile properties due to the
reduction of the nutrients inflow needed for aphids’ feeding behaviour. Also, some
wound signal molecules, such as lipoxygenases (LOXs) and leucine aminopepti-
dases (LAPs) as well as antioxidant ascorbate/glutathione cycle (ASC-GSH) pro-
teins (monodehydroascorbate reductase, ascorbate peroxidase — APX; both
upregulated in both cultivars), seem to be involved in the resistance to aphids.
Interestingly, two heat shock proteins — Hsp70 proteins — were downregulated in
resistant cultivar compared to non-changed accumulation in the susceptible line
(Carillo et al. 2014).

Another legume, soybean (Glycine max; cultivar Syngenta NK S24-K4 RR),
responds to aphid (Aphis glycines) attack by releasing VOCs as well. A. glycine
leads to the increased production of such VOCs in field-grown soybean (reproduc-
tive stage) as cis-3-hexen-1-ol acetate (not induced in vegetative stage), methyl
salicylate (MeSA) and farnesene (all of them are herbivore-induced plant volatiles —
HIPVs). The mentioned volatiles act as an indirect defence response in soybean by
attracting natural enemies of aphids. Interestingly, aphid attack resulted also in
decrease of some of VOCs, like caryophyllene and humulene (known as HIPVs as
well) (Cai et al. 2015). It has been shown that amongst soybean species, there are
some cultivars less susceptible to the aphid invasion. The resistance of these culti-
vars was linked to the Ragl and Rag2 genes which encode NBS-LRR proteins (con-
ferring aphid resistance, e.g. in tomato). Despite the fact that a commercial
aphid-resistant cultivar of soybean has been released, some aphids (biotype 3) able
to live on aphid-resistant soybean (Ragl and Rag2 plants) have appeared already
(Brechenmacher et al. 2015). Brechenmacher et al. (2015) compared proteomes of
two soybean cultivars differing in their resistance to aphids: resistant, Rag2, and
susceptible, rag2, respectively. The resistant cultivar produces 132 proteins in modi-
fied manner compared to non-resistant line under non-stress conditions. When
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subjected to biotic stress (aphids), two soybean cultivars varied in the accumulation
of 264 proteins. 86% of the stress-related proteins production was induced in the
resistant soybean cultivar (Rag2) after aphid infestation. The most important stress-
related proteins seemed to be as follows: MLO-like protein, thaumatin-like protein,
two 70 kDa molecular chaperones and DREPP (developmentally regulated plasma
membrane polypeptides) family that are accumulated significantly more intensive
in Rag?2 line (compared to rag2) when aphid attack occurs with no difference in
synthesis between both cultivars under control conditions. The resistance to aphids
might be also associated with water transport (three aquaporins production increase
in Rag?2), flux of energy and carbohydrate (raised accumulation of voltage-dependent
anion-selective channel proteins, triose phosphate/phosphate translocator in Rag2),
major and minor carbohydrate metabolism (high hexokinase, aldo-keto reductase,
mitochondrial ADP/ATP carrier proteins synthesis in Rag2), amino acid metabo-
lism (aspartate aminotransferase, threonine synthase, histidinol dehydrogenase,
glutamate decarboxylase, isopropylmalate synthase accumulation) and secondary
and hormone metabolism (high abundance of caffeic acid 3-O-methyltransferase,
geranylgeranyl pyrophosphate synthetase, steroid 5-alpha reductase in Rag2). Also,
some proteins connected with RNA processing are linked to the defence responses
of Rag2. Rpb5 RNA polymerase, nucleolar protein NOP56, fibrillarin, spliceosomal
proteins, RNA-binding protein, PR10 and HMG-box-related protein are proteins
that accumulate in Rag2 line in response to aphids. Meanwhile, the other RNA-
related proteins were less abundant in Rag?2 than in rag2 which are PR10, two splic-
ing factors, four RNA-binding proteins and bromodomain transcription factor.
Resistant cultivars have also different signal transduction protein regulation than
susceptible line. Namely, many proteins involved in signal transduction were down-
regulated in Rag2 — the only identified upregulated protein from this group was
LRR serine/threonine protein kinase. Moreover, Rag2 cultivar produced decreased
2 xyloglucan fucosyltrasferases, putative LRR extensins and pectinesterase protein
levels (cell wall metabolism proteins) compared to rag2 line. Interestingly, some
proteins, like aminocyclopropanecarboxylate (ACC) oxidase, were more abundant
in rag2 line under aphid attack (Brechenmacher et al. 2015).

Herbivore attack causes also the activation of some plants elicitor peptides. These
peptides, called Peps, play an essential role in developing a defence response against
herbivore as well as microorganisms by affecting other genes involved in defensive
mechanisms (such as PR proteins, genes, etc.). Good example of such peptide is
soybean’s GmPep3 produced as a result of S. exigua attack and inducing VOC pro-
duction. Peps genes orthologues are present in various plant species and can be used
to induce defensive response in another closely related plants species, i.e. MtPepl
from Medicago truncatula (barrelclover) is capable of inducing VOC production in
soybean (both legumes) (Huffaker 2015; Huffaker et al. 2013). Mentioned PR pro-
teins (participating in defence response in plants) in plant-herbivore interaction are
known to be activated due to the wounding caused by chewing insects. The PR-6
class consists of proteinase inhibitors that target such insect proteases, i.e. trypsin
and chymotrypsin resulting in limited growth of the pests. However, PR-6 is also
produced after microbial infection (fungal, B. cinerea, and bacterial — Pseudomonas
syringae) (Jung et al. 2005; Sels et al. 2008) (Table 6.2).
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6.5.4 Abiotic Stress Influence on the VOCs and Proteome

Plants are exposed to many different abiotic stressors, such as drought, salinity,
heavy metals, etc. (very often coupled with biotic stresses as well). They result in
photosynthetic activity decrease, damage and lowering the economic value of the
crops and decreasing the yields. In general, abiotic stressors modify primary and
secondary metabolism in plants, amongst which biogenic volatile organic com-
pounds, BVOC:s, production exists (Loreto and Schnitzler 2010). It has been proved
that VOC (i.e. isoprenoids) production is triggered not only by biotic but also during
some abiotic stresses and has some role in mitigating the mentioned. Amongst these
stressors are drought, salinity, extreme temperatures, mechanical damage, pollut-
ants (i.e. ozone and other oxidants) and high light intensity (Vickers et al. 2009;
Loreto and Schnitzler 2010; Pinto et al. 2010; Winter et al. 2012; Griesser et al.
2015). Volatiles’ role in reducing the negative influence of abiotic stress (protection
from damage of photosynthetic apparatus) is explained by ‘single biochemical
mechanism for multiple physiological stressors’ and might be connected either with
their direct participation in ROS (created during contact with each abiotic stressor
and causing oxidative damage) removal and affecting oxidative cellular state, indi-
rect influence on ROS signalling or through membrane stabilization (membrane
hydrophobic interactions stabilization) (Vickers et al. 2009).

Interestingly, PGPR bacteria and other soil microbiota (able to produce VOCs)
influence plants in a way which leads to a higher tolerance not only to biotic (as
discussed previously in this chapter) but also to abiotic stresses, as follows: water,
temperature, salinity and heavy metal stresses. Microbes, i.e. Azospirillum sp. (i.e.
Azospirillum brasilense reduces negative influence of salt stress in pea),
Pseudomonas syringae, P. fluorescens, P. simiae, Bacillus sp., Trichoderma harzia-
num and Trichoderma sp., can alleviate salinity and drought stress, while Bacillus
polymyxa, Pseudomonas alcaligenes and Glomus sp. enhance tolerance to nutrient
deficiency in plants (Chakraborty and Chakraborty 2015; Vaishnav et al. 2015;
Kumari et al. 2016). One of the significantly influencing crop abiotic stresses is salt
stress. It is estimated that up to 20% of the agricultural (cultivated) lands might be
affected by excessive salinity. Salt stress interferes ion homeostasis and leads to the
secondary oxidative stress associated with the damage and growth inhibition of
plants. Salt stress results in plant growth inhibition (or even death) and crop yield
decrease (Chen et al. 2016). Studies have shown that salt stress (CuCl,) induces the
production of MeSa, monoterpenes (linalool), sesquiterpenes (alpha-curcumene,
alpha-zingiberene) and (Z)-3-hexen-3-ol in (excised) rice (Oryza sativa) leaves
(Obara et al. 2002). However, the study has been carried out on excised leaves —
leaves with mechanical damage which may cause VOCs emission by itself.

As stated in this chapter, PGPR bacteria are able to alleviate salt stress. An exam-
ple is Bacillus amyloliquefaciens SQR9 which works through inducing ISR, increas-
ing total soluble sugars (TSS) with a protective function on cells, inducing
antioxidative enzymes activity (scavenging ROS), maintaining the photosynthetic
activity and maintaining Na* homeostasis. The maintenance of Na* balance under
salt stress is probably associated with the enhanced ability of Na* sequestration to
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vacuoles, limiting Na* uptake by roots or expelling Na* excess. The reduction of
Na* intake by maize roots in SQR9 presence can be connected with the production
of exopolysaccharides (EPS) by the bacteria (Chen et al. 2016). Also, Bacillus sub-
tilis GB0O3 VOC:s alleviate salinity stress in Arabidopsis through modifying expres-
sion (downregulation) of HKT1 protein which is responsible for Na* uptake and
transport (Chakraborty and Chakraborty 2015). Moreover, P. simiae VOCs also
mitigate salt stress in soybean by maintaining water homeostasis and photosynthetic
activity (Vaishnav et al. 2015). Plants are often subjected also to heavy metal stress
(high concentrations of metals in soil) leading to the secondary oxidative stress,
photosynthesis and growth decrease and damage. The sources of the heavy metal
contamination are industrial wastes, pesticides and anthropogenic activities (Tuteja
and Gill 2016).

Heavy metals, like Cd and Cu (introduced into the soil in, i.e. agricultural fertil-
izers), in excess amounts limit plant growth and photosynthesis. Researchers found
that heavy metals in moderate concentrations (concentrations similar to the occur-
ring in polluted soils) do not influence maize intact plant VOC production (Winter
et al. 2012). Meanwhile, maize subjected to both abiotic and biotic herbivore
stresses (combined stressors are very common in natural environment) induces
VOC production in maize but with no significant induction of volatiles by metals.
However, the high concentration of heavy metals (80 pM Cu for maize) primes the
release of plants anti-herbivore VOCs (i.e. green leaf volatiles, (E)-hexenal; ter-
penes, (E)-p-farnesene). This kind of VOCs is produced in response to abiotic stress
due to some overlapping of signalling pathways (triggered also by biotic stress),
probably caused by ROS generated during both abiotic and biotic stresses (Vickers
et al. 2009; Winter et al. 2012). It was proposed that Cu excess in environment leads
to priming, the production of JA, and to signalling cascade which results in VOC
production that might cause the attraction of parasitoids to plants. The produced
VOCs negatively influence the growth of herbivores feeding on plants. Moreover,
Cu treatment leads to faster plant response to herbivory (Winter et al. 2012).

Another abiotic stress — ozone stress — can affect plants resulting in VOC emis-
sions as well. Ozone is becoming a serious abiotic stressor which causes damage to
crops resulting in yield decrease. This air pollutant is high especially in urban areas
and can reach the peak concentrations as high as 120-500 nL/L (Vuorinen et al.
2004). Emitted VOC blend as a response to ozone seems to be dependent on the
cultivar and its tolerance to abiotic stress. Tobacco plants that are more tolerant (less
visible damage) produce less amounts of VOCs as well as different bouquets of
VOCs than more vulnerable cultivar. Namely, both cultivars produce methyl salicy-
late and sesquiterpenes, although susceptible cultivar produces additionally also C6
volatiles (Heiden et al. 1999).

High amounts of O; induce the production of homoterpene (E)-4,8-dimethyl-
1,3,7-nonatriene (DMNT) in lima bean plants (Vuorinen et al. 2004; Pinto et al.
2010). The mentioned homoterpene is emitted also as a result of herbivore attack
(Pinto et al. 2010). It was observed that lima bean plants subjected to Oj; stress pro-
duce (E)-p-ocimene, limonene, 1,8-cineole, linalool, 2-butanone, (E.E)-4,8,12-
trimethyl-1,3,7,11-tridecatetraene (TMTT) and (Z)-3-hexenyl acetate and nonanal
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as well (Vuorinen et al. 2004; Souza et al. 2013). However, researchers are not
unanimous in their opinions on VOCs emitted by lima bean under ozone stress,
probably due to differences in the experimental approach that might be connected
either with the analysis of excised leaves or intact plants of stem-excised plants. For
instance, some researchers state the lima bean emits only DMNT, TMTT and (Z)-3-
hexenyl acetate after ozone treatment, while the mentioned VOC synthesis is
observed also during spider mite attack with the difference in (E)-B-ocimene emis-
sion (which occurs exclusively in case of the herbivore attack) (Vuorinen et al.
2004).

Anti-herbivore VOCs (synthesized also after abiotic stress occurrence) are
expected to attract some herbivore predators. However, it has been showed that
VOC bouquet emitted by lima bean after O; exposure doesn’t influence tritrophic
signalling and predatory mites are able to distinguish between spider mite-infested
and non-infested plants even under O co-treatment conditions. Moreover, natural
enemy of spider mite is not appealed more to O;-treated plants in any significant
manner than to non-treated plants (Vuorinen et al. 2004). Furthermore, not only the
particular volatiles’ presence but also the share of individual compounds in VOC
blend seems crucial for natural enemies of spider mite to arrive with feeding-focused
behaviour to specific plants (Vuorinen et al. 2004).

As a consequence of the exposition to ozone, soybean accumulates ROS and
peroxidate lipids (oxidative burst) before any visible negative features occur (Ahsan
et al. 2010). In order to cope with the stress, soybean induces antioxidant enzymes,
secondary metabolites, sucrose as well as kinases (involved in signal transduction
resulting in modified genes expression) production. There are 20 and 32 proteins
with modified expression when subjected to ozone treatment in leaves and chloro-
plasts, respectively (Ahsan et al. 2010). The most abundant group of identified pro-
teins is connected with photosynthesis (almost half of them, 45%) which shows that
photosynthesis is the most affected biochemical pathway by stress. Soybean’s pho-
tosynthetic activity and carbon assimilation seem to drop as an effect of the ozone
action. The discussed issue is reflected in a downregulation of the following pro-
teins participating in photosynthesis, i.e. RuBisCo small and large subunits,
RuBisCo activase and sedoheptulose-1,7-bisphosphatase, and downregulation of
proteins of photosystem I/, i.e. oxygen-evolving enhancer protein 1, cyclophilin,
photosystem 1 reaction centre subunit VIII, chlorophyll a/b-binding protein,
ferredoxin-NADP reductase, cytochrome c-553-like and cytochrome b6-f complex
iron-sulphur subunit. However, researchers also found out that photosystem I sub-
unit PsaD altogether with chloroplastic RuBisCo large subunit-binding protein was
upregulated which might be associated with their ability to control the other stress-
affected protein folding. In contrary, proteins involved in antioxidant defence (APX,
catalase, superoxide dismutase both in leaves and chloroplast) and carbon metabo-
lism (i.e. invertase, fructokinase, fructose-bisphosphate aldolase 1) are upregulated
after ozone treatment. The latter is strictly connected with starch degradation (and
sucrose synthesis) that is used in TCA cycle as a source of energy (compensating



6 Volatile Organic Compounds in Food Security: The Role of Neglected... 103

disruption of photosynthesis). Short acute ozone stress triggers some soybean meta-
bolic signalling pathways which are reflected in accumulation of kinase family pro-
tein in leaf and putative receptor-like protein kinase 2 and serine/threonine-protein
kinase SAPK10 in chloroplast. Kinases are proteins with a key role in perception of
O; stress and signal transduction of it. Moreover, ROS and sugars released after O
exposure trigger some signal transduction pathways as well resulting in differen-
tially expressed genes under stress conditions (e.g. sucrose activates some genes,
also connected with secondary metabolism). Also, sucrose (highly accumulated in
stressed soybean) was proved to be involved in such plant responses to stress as
ROS production as well as ROS scavenging (Ahsan et al. 2010).

A proteomic response to ozone stress has been investigated also in the case of
bean (Phaseolus vulgaris L. cv. IDIAP R-3). The study showed modifications in
antioxidant enzymes activity: decrease in SOD and increase in APX accumulation.
Furthermore, O stress induced synthesis of small heat shock protein (HSP 33 kDa)
as well as naringenin-7-O-methyltransferase (NOMT). Also, researchers proposed
pathogenesis-related protein 2 as a potential marker of ozone stress (Torres et al.
2007) (Table 6.3).

Table 6.3 Proteins synthesis pattern in ozone-stressed legumes

VOCs
Plant of Influencing | produced | Upregulated Downregulated
origin factor by plant | proteins proteins References
Soybean Ozone Not Photosystem I RuBisCo small and Ahsan et al.
(Glycine known subunit PsaD, large subunits, (2010)
max) chloroplastic RuBisCo activase,
RuBisCo large sedoheptulose-1,7-
subunit-binding bisphosphatase,
protein, APX, proteins of
catalase, superoxide | photosystem I/I1, i.e.
dismutase, oxygen-evolving
invertase, enhancer protein 1,
fructokinase, cyclophilin,
fructose- photosystem I
bisphosphate reaction centre
aldolase 1, kinase subunit VIII,
family protein, chlorophyll
putative receptor- a/b-binding protein,
like protein kinase | ferredoxin-NADP
2, serine/threonine- | reductase,
protein kinase cytochrome
SAPK10 c-553-like,
cytochrome b6-f
complex iron-sulphur
subunit, carbon
metabolism proteins
Bean Ozone Not APX, HSP 33 kDa, | SOD Torres et al.
(Phaseolus known NOMT, PR-2 (2007)
vulgaris)
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6.5.5 VOC Plant-Plant Interaction

As mentioned earlier in this chapter, plants release VOCs as a result of the pathogen
attack. To our knowledge, no study has detected a VOC receptor in plants yet, but it
seems that plants can interact with each other through VOCs. Some studies indicate
that VOCs produced by the infected plant can be transferred by wind to the neigh-
bouring plants resulting in the changes of some genes encoding specific defensive
proteins. In other words, this phenomenon, known as ‘talking trees’, indicates that
plants can develop a defensive mechanism to prevent an infection that can be spread
from another plant (Baldwin et al. 2002).

It is thought that VOCs might act as biocontrol compounds in agriculture. Bean
(Phaseolus vulgaris) shows higher resistance to Colletotrichum lindemuthianum
(pathogenic fungi) when subjected to VOCs produced by resistant cultivar. A direct
influence on the limiting germination of fungi conidia was connected with such
VOCs as limonene, linalool, nonanal, methyl salicylate and methyl jasmonate
(Quintana-Rodriguez et al. 2015). Also lima bean (Phaseolus lunatus) indicated
increased resistance to Pseudomonas syringae (pathogenic bacterium) when treated
with benzothiadiazole (BTH) (chemical compound inducing SAR but limiting
growth of plants) or VOCs produced by resistant plants. Special role seems to be
associated with nonanal which primes resistance to pathogenic bacteria (by trigger-
ing PR-2) (Yi et al. 2009). Moreover, jasmonic acid (JA) treatment (which leads to
VOCs emission) might be considered as one of the ways of biocontrol due to the
fact that lima bean plants exposed to JA treatment are less attractive to some her-
bivorous insects (Ballhorn et al. 2013).

6.6 Conclusion

Plants demonstrate various molecular responses to different environmental stimuli.
PGPR bacterial VOCs enhance plant photosynthetic, nutrient uptake abilities and
help in maintaining ion and water balance (even during abiotic stresses) as well as
protect from biotic stressors, mycorrhizal fungi stimulate defence-related proteins
(PR-4, PR-5, PR-10) and protect from phytopathogenic infection. Aphid infestation
leads to increase of photosynthetic activity and amino acid metabolism in non-
resistant plants (they modify plant metabolism due to the feeding on phloem). In
contrary, resistant to aphids, lines of plants synthesize many antioxidant and defence
proteins as well as some proteins involved in maintaining water homeostasis with
simultaneous decrease in photosynthetic and amino acid metabolism proteins and
release VOCs repellent to herbivores (or attracting herbivore enemies). Moreover,
VOC called MeSa deserves special attention when considering VOCs with plants-
protecting potential due to the fact that it has been found in plants subjected to both
biotic and abiotic stresses and has been proved to possess some anti-herbivore activ-
ity. Based on the aforementioned, bioprospecting of VOCs in legumes is advocated
for the improvement of food security as well as domestication and exploitation of
their enormous potential for sustainable agriculture. The practical application of



6 Volatile Organic Compounds in Food Security: The Role of Neglected... 105

VOC:s as source of allelochemical in natural and agroecosystem towards improve-
ment of crop productivity is emphasized.
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Abstract

In nature, plants are adversely affected by environmental conditions like abiotic
and biotic stresses. In addition to mechanical or physical defensive ways, plants
have an important chemical defensive mechanism to cope up with these adverse
conditions. Plant volatile organic compounds (VOCs) have various direct and
indirect defense roles against various abiotic stresses (like temperature, water
stress, ozone, salt stress, and heavy metals) and biotic stresses like herbivores
and pathogen (above ground and below ground). In this chapter we review the
defensive role of plant VOCs against abiotic and biotic stresses.
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7.1 Introduction

Being sessile organisms, plants have to face the various unfavorable environmental
stress factors (abiotic and biotic stresses). Plant growth under these abiotic and
biotic stresses resulted in decreased crop production throughout the world. There
are various physical or mechanical and chemical defensive ways by which plants
protect themselves from these stresses. Chemical defense in plants includes various
volatile compounds that release from different parts like their leaves, bark, flowers,
fruits, and even from roots. Till date about 1700 volatile organic compounds (VOCs)
have been identified and isolated from different plant families. Plant volatiles can be
classified into hydrocarbons, aldehydes, alcohols, ethers, ketones, and esters on the
basis of their chemical structure. These plant volatiles are represented by phenyl-
propanoids/benzoids, terpenoids, fatty acid, and amino acid derivatives which con-
stitute around 1% of plant secondary metabolites (Dudareva et al. 2006).

The plant emits constitutive volatile compounds under nonstressed conditions
and induced volatile and constitutive volatile compounds under stressed conditions
(Loreto and Schnitzler 2010; Niinemets 2010; Niinemets et al. 2010b). Induced
volatile organic compound emissions under abiotic stress could enhance the defense
response of plants during biotic stress (Cornath et al. 2006; Copolovici et al. 2014;
Heil and Kost 2006; Niinemets 2010). Similarly biotic stress-affected plants protect
themselves against abiotic stress either by increasing emission of these volatile
compounds or by their direct effect on abiotic stress resistance (Copolovici and
Niinemets 2016; Fujita et al. 2006; Owen and Penuelas 2005). This is known as
priming effect of volatile compounds. Among the constitutive volatiles, isopren-
oids, including isoprene and terpenes such as monoterpenes and sesquiterpenes, are
important volatile compounds that are released from plants and have important role
during respiration, photosynthesis, and fluidity of cell membrane and in biotic inter-
actions (Fineschi et al. 2013; Harrison et al. 2013; Vranova et al. 2012).

Constitutive volatiles are stored in some specialized structures like resin ducts in
case of coniferous plants, and in Labiatae these are stored in glandular trichomes
(Hare 2011). These stored VOCs help to deter and reduce the attack of herbivory
and also reduce the biological activity of pathogens due to their toxic nature (Popp
et al. 1995; Ward et al. 1997, Litvak and Monson 1998; Baier et al. 2002). On the
other hand, constitutively released non-stored volatiles can help directly in defense
mechanism against abiotic stress by acting as antioxidants and make membrane
more stable (Sharkey et al. 2008; Chen et al. 2009; Vicker et al. 2009; Possell and
Loreto 2013). Loreto et al. (2006) observed the emission of GLV (green leaf vola-
tile) example of induced volatile that is released within minutes after affected by
stress (Hare 2011). Here in this chapter we discuss various roles of plant volatile
compounds in plant defense under biotic and abiotic stresses.

7.2  Abiotic Stress and Plant Volatile Compounds

Major abiotic stresses like flood, drought, salinity, cold, high temperature, heavy
metals, and ozone have negative effect on food crop agriculture production globally
(Doupis et al. 2011). Primary and secondary metabolisms of plants are adversely
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affected by these abiotic stresses in different ways, thereby reducing the crop pro-
duction (Loreto and Schnitzler 2010). Plants are sedentary organism, so to complete
their life cycle they have to adjust with change in environment. Plants have many
morphological adaptations that help to cope up with abiotic stress. For instant,
plants growing under low temperature go through cold acclimation, causing change
in composition of cell membrane and concentration of protein that help to reduce
formation of intracellular ice crystal and dehydration under low temperature
(Thomashow 1998). The susceptibility or tolerance to any type of stress is a very
elaborate process because different stages of plant development are affected by the
stress or several stresses (Chinnusamy et al. 2004).

However, the plants have internal chemical defense mechanism using volatile
organic compounds to fight against these different abiotic stresses.

7.3 Temperature

High temperature causes the generation of hydrogen peroxide by enhanced photo-
respiration and reactive oxygen species (Vallelian-Bindschedler et al. 1998; Vacca
et al. 2004) that have direct effect on structure and function of thylakoid and thyla-
koid leakiness and stimulate cyclic electron flow and photochemical reactions
(Pastenes and Horton 1996; Bukhov et al. 1999; Schrader et al. 2004). High tem-
perature often affects stomatal behavior either per se or because high temperature
can lead to drought stress. Stomatal opening under mild heat stress helps to dissi-
pate latent heat via transpiration. Whereas stomatal closure reduces water loss by
improving water use efficiency, i.e. a ratio between net CO assimilation and transpi-
ration (Loreto and Schnitzler 2010).

Plants have many mechanisms by which they are able to tolerate high tempera-
ture (Sharkey and Schrader 2006). One of the ways is heat shock proteins (Nover
et al. 2001; Vierling 1991).

Temperatures directly affect the emission of volatile organic compounds. As
with increasing temperature, more of VOCs enter into the gas phase and are released
in the atmosphere. At high temperature the concentration of stored VOCs in special-
ized tissues like ducts and glands reaches a very high concentration; these stored
VOC:s are released in a very less amount unless their pools are not injured either by
herbivory (Litvak and Monson 1998) or by strong wind, forest fire, etc., whereas
non-stored volatiles are constitutively released from the leaves’ mesophylls accord-
ing to concentration gradients (Alessio et al. (2004).

There are many VOCs that are released in response to high temperature, act as
the thermoprotectant, and help in stabilizing chloroplast membranes (Sharkey and
Singsaas 1995). Release of VOC isoprene helps to protect plants under heat stress.
Its emission may be light dependent or using carbon from the Calvin cycle during
photosynthesis (Monson and Fall 1989; Loreto and Sharkey 1990; Affek and Yakir
2003; Schnitzler et al. 2004; Ferrieri et al. 2005). Experimental results of Sharkey
et al. (1996), Singsaas et al. (1999), and Lehning et al. (2001) show that canopy
position has a direct correlation with the isoprene emission (top leaves release about
four times more isoprene than bottom leaves due to more exposure to heat stress)
that is related with thermotolerance. Moreover ISP activity also shows a difference
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with respect to canopy position. Jardine et al. (2015) observed in a study that during
morning, there is increase in photosynthesis and emission of terpenoids, and in the
afternoon terpenoids are replaced by green leaf volatiles. This might be due to
increase in temperature during afternoon as compared to morning, which leads to
collapse of photosynthesis and isoprene antioxidant system; moreover high tem-
perature is associated with desiccation which causes peroxidation of membrane and
release of green leaf volatiles.

The experiment by Loreto et al. (2006) showed release of many volatile organic
compounds under high temperature. Isoprene emission may be due to the reason
that requirement of optical temperature for isoprene and isoprene synthase activity
is around 42 °C that results into its rapid stimulation (Monson et al. 1992). The
decrease rate of isoprene emission at high temperature was observed by Singsaas
and Sharkey (2000); this decrease may be due to the role of isoprene in maintaining
leaf at high temperature rather than to enzyme denaturation. On the contrary Loreto
et al. (2006) also observed total inhibition of isoprene at high-temperature treatment
might be due to insufficient availability of photosynthetic carbon for isoprene for-
mation and that may be due to reduction of photosynthesis at high-temperature
treatment.

Copolovici et al. (2005) blocked the monoterpene emission by using fosmido-
mycin, inhibitor of isoprenoid biosynthetic pathways in Quercus ilex (L.) that
reduces the photosynthetic thermotolerance. But if fumigated externally with low
concentration of monoterpene, it helps to restore heat stress resistant partly. Sharkey
et al. (2001) observed similar findings by fumigating isoprene externally on leaves
of red oak and kudzu that were fed by fosmidomycin. This suggests that monoter-
pene- and isoprene-non-emitting plants can also become heat tolerant by fumigation
from nearby growing plants that emit these volatiles in warm windless days
(Copolovici et al. 2005). Bukhov et al. (1999) and Pastens and Horton (1996) pro-
posed the mechanism by which isoprene and monoterpenes help in thermotolerance
that thylakoid membrane becomes leaky at high temperature and increases the
hydrophobic interactions of thylakoid membrane, thereby stabilizing interactions
between lipids and membrane protein under high-temperature stress condition
(Sharkey and Yeh 2001). Thermotolerance of thylakoid membrane is due to lipo-
philic isoprene that is partitioned into membrane and checking water channels at
high temperature (Singsaas et al. 1997; Sharkey et al. 2001).

Moreover, to study the function of isoprene as well as monoterpene within plant
defense against high temperature, many transgenic plants have been genetically
engineered that release isoprene or monoterpene or those in which their biosyn-
thetic pathways have been inhibited. It was observed that transgenic plants that emit
isoprene are comparatively more resistant against heat stress as compared to wild
types (Loivamaki et al. 2007; Sasaki et al. 2007; Behnke et al. 2007). The emission
of other VOCs such as methyl butenol, ethanol, and acetaldehyde from conifers
under high temperature was observed by Schade and Goldstein (2001).
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7.4  Ozone and Heavy Metal Stress Generate Reactive
Oxygen Species (ROS)

Among the different pollutants like ozone, SO, HF, or NOx, ozone (O;) is a major
phytotoxic pollutant. Ozone is generated when anthropogenic hydrocarbons and
oxides of nitrogen (NO, NO,) and sulfur (SOy) react with solar UV radiation. Ozone
present in the stratosphere is beneficial as it shields the Earth from UV rays; how-
ever, tropospheric ozone is harmful to our plant life as it acts as highly reactive
oxidant. The effects of ozone on plants are decreased rates of photosynthesis, leaf
injury, reduced growth of roots and shoots, accelerated senescence, and reduced
crop productivity. Ozone enters the plant through stomata and is converted to differ-
ent forms of ROS. There ROS cause oxidation of proteins, RNA, and DNA, lipid
peroxidation of cell membrane, and activation of programmed cell death (PCD).

There are many experimental evidences that show that plant volatile compounds
play a significant role against ozone stress. Increase emission of ethylene has been
observed under high levels of O; (Francesco et al. 2011; Mehlhorn and Wellburn
1987). Similarly in Arabidopsis, Vahala et al. (1998) observed that ACS¢ gene level
of ACS (ACC synthase generate limiting enzyme in ethylene biosynthesis pathway)
family elevated under ozone treatment. On the contrary, Calfapietra et al. (2007)
observed that isoprene emission was reduced; this might be due to that just after
entering into leaves, O; reacts with different compounds. One of the compounds is
isoprene that is found in high concentration (Loreto et al. 1998). So it might react
with O; and results into its reduced emission and produces new products like methyl
vinyl ketone and methacrolein (Fares et al. 2008 in a study, by fumigation of Oz on
isoprene-emitting trees).

Within the plant and environment, volatile compound terpene plays the same
dual role; in the environment in the absence of NOy, it reacts with ozone, while in
the presence of NO, it forms ozone by reacting with it (Fehsenfeld et al. 1992;
Loreto and Schnitzler 2010). Similarly within plants, terpene reacts with ozone and
ROS species, which protect plants from O; stress effect (Loreto et al. 2001; Hewitt
et al. 1990). These results were experimentally proved by Vickers et al. (2009) by
using non-emitting transgenic tobacco plant, which were severely affected by ozone
treatment and isoprene-emitting plants that show resistance against ozone stress.

In Quercus ilex (L.) leaves, the inhibition of monoterpene emission by fosmidomy-
cin makes it ozone susceptible and results into reduced photosynthesis and generation
of ROS that causes membrane peroxidation (Loreto et al. 2004). Beauchamp et al.
(2005) observe increased emissions of C6 compounds in ozone-stressed leaves, pro-
portionate to ozone dose. Heiden et al. (1999) reported elevated levels of sesquiterpene
production under ozone stress. The rate of sesquiterpene emission is directly propor-
tional to plant resistance against O; and shows its direct role in Oj; stress defense.

Isoprene helps in ozone defense by acting as antioxidants in leaves. This is on the
basis that it reacts with ozone (different concentrations with variable time exposure)
and ROS like hydroxyl radicals as studied by Loreto et al. (2001) and Loreto and
Velikova (2001). This reduced damage may be due to the action of isoprene in
strengthening the membrane.
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7.5 Heavy Metals

Heavy metals (HMs) like Fe, Mn, Zn, and Cu play an important role as many
enzymes require the presence of heavy metals for their functioning (Terry 1980;
Hansh and Mendel 2009). Sources of HMs may be natural or artificial; naturally
these are existing in the Earth’s crust and become the part of soil during the process
of weathering. Wind dust coming from Sahara desert generally carries HMs in dif-
ferent proportions, e.g., less amount of Zn, Cr, Ni, and Pb and high amount of Fe
(Ross 1994). Artificially HMs may be released by various agricultural activities
(pesticides, fertilizers, fungicides, etc.), vehicle transportation, landfills, and coal
burning that produce Cd, Hg, Ni, Fe, Al, Mn, and Ti. Fire also adds some volatile
HMs (Hg and Se); few more HMs like Cr, Cu, Pb, and Zn are added to the environ-
ment by the corrosion of commercial waste products (Verkleji 1993).

The uptake of heavy metals can lead to inhibition of photosynthesis (by binding
of HMs to different active sites of photosynthetic apparatus and inhibiting RuBisCO
and PEP carboxylase enzyme activity; Mallick and Mohan 2003), disruption of
membrane structure (causing fluidity of membrane lipid), ion homeostasis, and acti-
vation of PCD programmed cell death. One of the reasons that HMs (like Cd, As,
and Al) are so toxic is that they can mimic other essential metals, e.g., Ca and Mg,
and take their place in essential reactions, thereby disrupting these reactions. HMs
can also lead to increase of reactive oxygen species in the chloroplast, mitochon-
dria, and peroxisomes (Apel and Hirt 2004).

Heavy metals are generally categorized in two groups on the basis of mode of
action in plant cell: (i) redox active HMs (e.g., Fe, Cu, Cr, Co) that generate ROS by
direct redox reaction in cell and (ii) redox inactive HMs (e.g., Cd, Zn, Ni, Al, etc.)
that also lead to ROS formation but by indirect methods (by interacting with anti-
oxidant system, by disrupting electron transport chain, or by enhancing LOX (lipox-
ygenase) activity that leads to lipid peroxidation). Visual effect of HM stress is
reduced plant growth (Sharma and Dubey, 2007), chlorosis of leaf, necrosis, senes-
cence, etc.

7.6 Water and Salt Stress

Water and salt stress shows a direct effect on stomatal opening and closing and
photosynthesis process (Fall et al. 1999), which reduce the emission of volatile
compounds by varying the carbon supply in MEP pathways and by increasing resis-
tance to emission of volatile compounds (Loreto and Schnitzler 2010). Sharkey and
Loreto (1993) in kudzu leaves founded that isoprene emission is not reduced until
photosynthesis is completely inhibited under drought stress.

Effect of drought stress includes closing of stomata, increase amount of osmati-
cum, and change in size and shape of leaf and characteristics of root system that
help to improve conservation and increase water use efficiency (Chaves et al. 2002;
Beis and Patakas 2010). Drought also causes the generation and accumulation of
ROS and free radicals (Fig. 7.1) that adversely affect the membrane (Ionenko and
Anisimov 2001; Munns 2002).
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Fig.7.2 Formation of lysigenous aerenchyma under hypoxia condition

Under drought stress, VOC isoprene plays an important role which was proved
experimentally by Ryan et al. (2014) by using isoprene-emitting transgenic
Nicotiana tabacum (where concentration of ROS and lipid peroxidation level shows
no change with respect to stress) and non-isoprene-emitting plants (showed that
concentration of ROS and lipid peroxidation level increases under drought stress).
Thus, isoprene emission might help in maintaining membrane integrity under
drought stress.

Similarly Timmusk et al. (2014) observed the emission of other VOCs (like
monoterpenes, geranyl acetone, and benzaldehyde) in wheat plant (Triticum aesti-
vum) under drought condition, and their emissions were smaller in those plants
which were resistant against drought.

Water logged or flooding leads to low oxygen condition known as hypoxia.
Under this condition, emission of ethylene increases that helps in avoiding stress by
elongating submerged plant parts such as stem and leaf petioles and in developing
new adventitious roots, leaf epinasty, aerenchyma tissues, etc. (Francesco et al.
2011). Peng et al. (2005) reported the upregulation of ACS family genes (e.g.,
ACS2, ACS6, and ACS9) in Arabidopsis under flooding. Aerenchyma provides a
conduit for gas diffusion between roots and aerial organs; they can be formed by
lysigeny, by schizogeny, or by combination of both, i.e., schizo-lysigeny. Lysigenous
aerenchyma is formed due to the cyanide (causing cell death) that is formed during
the biosynthetic pathway of ethylene (Fig. 7.2); moreover formation of aerenchyma
by means of ethylene is coupled with increased activity of cellulose (He et al. 1994).

Flooding too increases the release of other volatile compounds like ethanol, acet-
aldehyde, methanol, GLV, C6 GLV, and C9 oxylipin nonanal-lipid membrane
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degradation indicator in Quercus robur and Prunus serotina (Bourtsoukidis et al.
2014; Copolovici and Niinemets 2010; Rottenberger et al. 2008). Under drought
stress, wheat plants lead to emission of GLVs (like (Z)-3-hexenal, (E)-2-hexenal,
and (Z)-3-hexen-1-yl acetate) and very small amounts of terpenoids as compared to
control plants that produce smaller amounts of VOCs.

Salinity is also somehow related with water availability to plants due to osmotic
stress. This stress is due to salt ion like chloride and sulfate that reduces the intake
of water from soil to plant root. This will cause the physiological drought resulting
into almost the same morphological, anatomical, and physiology changes as that of
under drought condition. Due to their common effect, i.e., reduced availability or
intake of water, plants use similar defense mechanism to cope up with these stresses
(Tanou et al. 2009; Zhang et al. 2007; Zhao et al. 2007).

The resistant emission of terpene under salt as well as water stresses was reported
by Loreto and Schnitzler (2010). This resistant emission of isoprene to salt and
drought stress may be due to the increasing source of carbon probably from respira-
tion (Teuber et al. 2008; Loreto et al. 2004) or starch breakdown (Gray et al. 2006).
In some studies there is downregulation or repression of the isoprene emission that
might lead to induction of large amount of other antioxidant molecules (Behnke
2009).

Osmotic stress is also related to emission of ethylene. Moreover increase activity
of ACS in tomato cells has been reported under osmotic stress (Felix et al. 2000).

7.7 Biotic Stress and Plant Volatile

Plants being a sedentary organism cannot escape themselves from attackers in their
life cycle. These attackers include the plant pathogens and herbivorous arthropods.
These herbivorous species approximately account for half of the estimated six mil-
lion insects (Schoonhoven et al. 2005). The pathogenic microbes cause the equal
threat to plants and the diversity of which has not yet been quantified (Strange and
Scott 2005). Plants have developed various defense approaches during the evolu-
tion, which include direct and indirect defenses. The plant exterior such as tri-
chomes, hairs, thorns, spines, and thicker leaves is the major characteristic and
influences the herbivore’s biology which acts as direct defense mechanisms. The
synthesis of toxic compounds like anthocyanins, terpenoids, alkaloids, phenolic
compounds, and quinones either retards or kills the growth of the herbivores and
acts as the first line of defense for many plant species against pathogens and herbi-
vores (Hanley et al. 2007). Indirect defense mechanisms, on the other hand, com-
prise a second line of defense against pathogens and herbivory insect, conciliate by
the synthesis of volatile compounds that attract the herbivores’ enemies by supply-
ing food derived from the extra floral nectar, and accommodate to boost the efficacy
of natural enemies (Arimura et al. 2009). VOCs (volatile organic compounds) are
released from plant parts, especially the aboveground (Zhang and Schlyter 2004;
Fineschi et al. 2013) and into the surrounding environment and even from the roots
into the water and soil air cavities (Hiltpod et al. 2011; Turling et al. 2012). So by
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using such abilities plants can be well defended and be represented in better way in
the upcoming generations as compared to those which fails to resist against their
killer.

7.8 Plant Defense Response to Insect Herbivores

The herbivores depend upon the green plants which are the main source of foods
primarily. In nature, there are varieties of major threats to plants which are quite
magnificent and vast. The herbivores such as mammals, reptiles, amphibians, birds,
mollusks, arthropods, worms, bacteria, fungi, virus, and microbes are the significant
threats to the plant (Karban and Baldwin 1997).

Based on their feeding behaviors, three major types of insect herbivores can be
distinguished:

1. Phloem Feeders — whiteflies and aphids that cause little damage to cells of epi-
dermis and mesophyll layer. Phloem feeders that insert stylet into the phloem
tissue especially sieve tubes of leaves and stems. Although the amount of direct
injury is low, when these insects serve as vectors for plant viruses, then they can
cause great damage.

2. Cell Content Feeders — such as thrips and mites are piercing and sucking insect
that cause an intermediate amount of physical damage to plant cells.

3. Chewing Insects — such as caterpillars, grasshoppers, and beetles that cause the
most significant damage to plants.

VOCs synthesized in counter to these herbivore infestations are familiar as the
herbivore-induced plant volatiles (HIPVs). These volatile compounds (HIPVs)
emerge from the herbaceous damaged part (most probably the flowers and leaves)
and furnish airborne signals in the form of chemical information which either attract
the carnivorous arthropods (predators and parasitoids) and/or resist the ovipositing
female from the host plants (Arimura et al. 2005; Turlings and Tons 2006; Zakir
et al. 2009; Dicke and Baldwin 2010; Hare 2011). The carnivorous arthropods face
many problems because of their victims that are under natural selection and seem to
reduce the release of cues for carnivores. Although herbivores induced plant vola-
tiles, ooze in relatively large quantities and which is herbivore specific and released
from plants from which herbivores feed can resolve this problem. These HIPVs are
detectable and authentic cues relatively that can be best utilized by carnivorous
arthropods (Vet and Dicke 1992). The emissions of volatile compounds, present in
glands on the leaf surface, are not induced constitutively. The emission is due to
consequence of cell rupture and not under the direct controls of plants itself. Their
toxicity helps in direct defense by deterring and reducing the food and feeding
activities of herbivores and, thus, inhibiting biological activities of pathogens (Popp
et al. 1995; Ward et al. 1997; Baier et al. 2002). The release of stored volatile com-
pounds also serves as signals in host plant selection (Kelsey and Joseph 1997; Mita
et al. 2002). Mostly, the plant species are induced volatile emitters, while few are
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constitutive emitters. After the onset of stress on plants, the green leaves release
volatile compounds such as Cg alcohols, aldehydes, and esters that are synthesized
through lipoxygenase pathways (Loreto et al. 2006). Terpenoids come in light later
on (Turling et al. 1998). The metabolic changes in plants in response to herbivory
damage are expressed usually even in hour to days which in consequence release the
HIPVs (Kunert et al. 2002), and the attraction was initiated within an hour in car-
nivorous arthropods (Scascighini et al. 2005). Most of the plant responses to insect
herbivores involve both a wound response and recognition of certain compounds
present in insect saliva which is known as elicitors (also called herbivore-associated
molecular patterns — HAMPs). Many HAMPs of induced volatiles from plants have
been identified (Dong et al. 2016; Zakir 2011) including volicitin that is separated
from oral secretion of Spodoptera exigua larva (beet army worm). Cotesia margini-
ventris, female parasitic wasps, the natural enemies of S. exigua, were highly attrac-
tive to volatile mixture that is secreted from mechanically destroyed maize plants
after volicitin application (Alborn et al. 1997).

The first claimed elicitors, f-galactosidase, are separated from regurgitate of the
cabbage butterfly, P. brassicae caterpillar. The compound (gut regurgitate) of P.
brassicae caterpillar attracts the parasitic wasps (Cotesia glomerata), which when
applied to the vigorous leaves of cabbage plants release a specific admix of volatile
which is alike to that of the herbivore-destroyed plants (Mattiacci et al. 2006);
inceptin was from the oral secretion of Spodoptera frugiperda, the fall army worm
after feeding them on cowpea leaves (Schmelz et al. 2006), caeliferins from regur-
gitant of grasshopper (Schistocerca americana), and an unidentified heat-labile con-
stituent (Allmann et al. 2010). The elicitors are reported in chewing herbivores,
while in piercing-sucking herbivore are not reported even now. Although it is not an
easy task to calculate the elicitors quantity from small piercing -sucking herbivores,
yet p-glucosidase (dominant elicitor) was identified from rice brown plant hopper
that induce emission of volatiles in rice plants (Du et al. 2005).

Dong et al. (2016) described briefly the incident that elicits the response within
the first second to minutes (Maffei et al. 2007), which is responsible for the recogni-
tion and activation of signal transduction pathways for the plant—insect interaction
(Fig. 7.3). The initial occurrence that takes place within the seconds or minutes after
attack measurable is plasma membrane potential, momentarily followed by change
in cytosolic Ca?* concentration and H,O, formation, and is mediated by HAMPs.
The activation of NADPH oxidase complex is induced by herbivore strike that pro-
duces the anion superoxide which instantly changed to H,O, under the effect of
superoxide dismutase. Hydrogen peroxide assembles in the cell which provokes
diversity of late events detectable within minutes or hours afterward like kinase
activation and plant hormones, i.e., jasmonic acid (JA) and salicylic acid (SA) sig-
naling. These kinases then increase transcript levels of genes involved in JA, SA,
JA-Ile and ethylene biosynthesis, which in turn enhance level of these phytohor-
mones (Wu et al. 2007) that activate the genes involved in formation of plant vola-
tiles, especially JA that lead to emission of Herbivore-induced volatiles within
minutes and days.
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7.9 Role of Herbivore-Induced Volatiles
7.9.1 Above Ground

Volatile compounds like terpenoids, phenylpropanoids, and fatty and amino acid
derivatives are emitted in response to herbivore damage (Dudareva et al. 2006).
Herbivore-induced plant volatiles (HIPVs) include a number of VOCs, but methyl
salicylate (MeSA) is found frequently and has been reported in lima bean (Arimura
et al. 2009) and Arabidopsis (Chen et al. 2003). MeSA produced sticky baits in
many leaf and floral parts to attract the insect predators, e.g., big-eyed bugs, lady-
bird beetle, green lacewing, etc. Green leafy volatiles (GLVs) comprise of Cs-
aldehydes (Arimura et al. 2009), and they help in plant defense by attracting their
natural enemies (Maffei 2010). MeSA can be detected by attacking herbivore
(Abdul et al. 2012) and is also used to inhibit Mamestra brassicae (cabbage moth)
oviposition (Ulland et al. 2008). Volatile plant hormone, i.e., methyl jasmonate
(MelJa), is produced by the damaged plants that help in the production of phenolics
and glucosinolates (defensive compounds). MeJa can also be used as indirect
defense compound of plants in organic agriculture, e.g., feeding damage can be
completely avoided by the moth larvae of diamondback moth (Plutella xylostella),
and experimental evidences showed that even if we spray low concentration of
Mela, i.e., 0.1% solution, it can still be helpful in the emission of homoterpenes and
sesquiterpenes (Holopainen 2005).

Figure 7.3 represents the production of volatile compounds by the attacked plants
that warned their neighbors also. Several physiological and molecular mechanisms
have been discovered, but some of the studies also showed that plants growing
under natural condition can also benefit from these signals (Heil and Bueno 2007,
Kost and Heil 2006). Arimura et al. (2000) revealed the elevated expression of
defensive genes on exposure of undamaged Phaseolus vulgaris to volatile com-
pounds released from the neighbored plant. On application of a volatile compound,
i.e., jasmonate, elevated level of monoterpene P-ocimene and mRNA was also
noticed in Vicia faba. Experimental evidence of Sugimoto et al. (2014) also revealed
how plants receive volatiles and start emission of defensive compounds, e.g., tomato
plant [conversion of alcohol to (Z)-3-hexenylvicianoside after absorption of air-
borne (Z)-3- hexenol].

7.9.2 Below Ground

Beyond the aboveground parts, plant roots also produced HIPVs in counter to the
overspread by underground insect pest that attracts the predator of infesting herbi-
vore. A root-feeding pest Diuraphis noxia (Steegh et al. 2004) prompts the release
of 1,8-cineol, a monoterpene volatile that is very toxic and acts as repellent for some
insect pest (Tripathi et al. 2001). Roots of Thuja occidentalis (van Tol et al. 2001)
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Fig. 7.3 Periodic changes during release of VOCs after herbivore attack (Modified from Dong
et al. 2016)

release volatiles after infesting Otiorhynchus sulcatus which attract the pathogenic
nematode (H. megidis). Moreover root exudates of broad bean plants infested by
aphid have been found to make nonspecific nearby growing plants more attractive
to foraging parasitoid (Guerrieri et al. 2002). Similarly, Rasmann et al. (2005)
observed in maize plants that roots release a sesquiterpene (E)-fB-caryophyllene
when invaded by the larvae of D. virgifera that attracts H. megidis. The volatile cis-
3-hexenyl acetate from leaves of both lima bean and hybrid poplar plant plays an
important role in plant communication (Frost et al. 2008). This compound is also
released by blueberry (Rodriguez-Saona et al. 2009) and sagebrush (Kessler et al.
2006) and is released within 5 min after the attack of herbivores (Arimura et al.
2009), and it acts as an important candidate of signals from damaged plant part to
undamaged one. Emission of this compound both under mechanical damage and in
response to herbivore attack shows that it acts as a general signal that has been
detected in many plant species under multiple stimuli (Holopainen and James 2012).
However few studies recommended that volatile compounds released by root in the
soil minimize germination and growth of surrounding plants (Singh et al. 2001).
Allelopathic effects (Fig. 7.4) of root-emitted volatile compounds, like monoterpe-
noid a-pinene, have been observed in many plant species, e.g., holm oak (Asensio
etal. 2007), and purple sage (Salvia leucophylla, Nishida et al. 2005) emits a-pinene
belowground (Wouter and Ronald 2009). Singh et al. (2006) studied five different
plant species and observed inhibition of seed germination of three species after
application of a-pinene. However, there was inhibition of early root growth in all
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Fig. 7.4 An overview of role of volatile compounds in plants under biotic stress, where these
volatiles can act as cues for natural enemies of the insect herbivore and repellent for other herbi-
vores. Similarly belowground part also releases VOCs when attacked by herbivores that in turn
attract insect-parasitizing nematodes. Moreover these released VOCs help in elicitation or priming
of defense responses in healthy undamaged leaves of the same plant or in the neighboring plant and
also have antimicrobial activities.

five plant species, and increased level of oxidative stress was observed in root.
Additionally, a range of other S. leucophylla root-emitted volatile compounds are
camphor, camphene, 1,8-cineole, and b-pinene that inhibited germination and
growth of rapeseed (Brassica campestris), after its exogenous application, indicat-
ing the allelopathic effects of these volatile compounds. Nishida et al. (2005) sug-
gested that this allelopathic effect of VOCs helps to prevent other species to enter in
Salvia vegetation that helps to avoid interspecific competition. VOCs emitted from
root as well as from shoot have inhibiting effects on nearby plant, e.g., snapdragon
(Antirrhinum majus) flowers, emitted volatile compounds that inhibit the root
growth in neighboring Arabidopsis seedlings under laboratory conditions (Horiuchi
et al. 2007). Karban (2007) showed that upon clipping of leaves of sagebrush
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(Artemisia tridentata), the germination of neighbouring seeds of different species is
inhibited. When experimental condition was such that no air was in contact except
its transmittance through soil, then there was no inhibitory effect on germination.
von Dahl and Baldwin (2009) reported that when working with coyote tobacco
(Nicotiana attenuate), ethylene emitted by plant exerts allelopathic effect on nearby
grown plant roots by reducing its length, whereas transgenic plants which produce
less amount of ethylene did not show any effect on root growth.

7.10 Plant Defense Response to Pathogen

Plants throughout their lives come in contact with a wide array of pathogens, con-
tinuously exposed to a diverse array of pathogens. Once inside the plant, pathogens
generally employ one of three main attack strategies to use the host plant as a sub-
strate for their own proliferation.

(a) Necrotrophic pathogens — attack their host by secreting cell wall-degrading
enzymes and toxins, which eventually kill the affected plant cells. These dead
tissue is then colonized by the pathogens and serves as food source.

(b) Biotrophic pathogens — attack the living tissue of plant and feed on substrates
provided by their host.

(c) Hemibiotrophic pathogens — initially act as a biotroph and then become a
necrotroph.

Biotic stress due to pathogen results into emission of various GLVs. For example, Lima
bean leaves release E-2-hexenal and Z-3-hexenol (Croft et al. 1993) upon infection by
pathogenic bacteria Pseudomonas syringae pv. phaseolicola being a hemibiotrophic patho-
gen (Rico and Preston 2008); E-2-hexenal is released when tobacco plants get infected by
Pseudomonas syringae (Heiden et al. 2003). In both cases GLV emission starts within
18-20 h after infection; still the bacteria are in its exponential phase and that remains for
3 days (Whalen et al. 1991).

Many data have explained n-hexenal antimicrobial activity of GLVs against bac-
teria (Croft et al. 1993; Prost et al. 2005; Hamilton-Kemp 1992; Nakamura and
Hatanaka 2002). Farmer and Davoine (2007) observed the maximum antimicrobial
activity of E-2-hexenal of C6 aldehydes. Fungal attack also results into emission of
GLVs like Z-3-hexenal, E-2-hexenal, Z-3 hexenol, E-2-hexenol, and Z-3 hexenyl
acetate that are released from Fusarium species-infected maize plants (Piesik et al.
2011). Similarly Botrytis cinerea causes the emission of Z-3-hexenal, E-2-hexenal,
and n-hexanal in Arabidopsis plants (Kishimoto et al. 2008). Early studies reported
that C6 and C9 aldehydes emitted from crushed leaves of tomato have repressive
effect on Alternaria and Botrytis cinerea spores (Hamilton-Kemp et al. 1992).
Depending upon the different kinds of pathogen, their pathogenicity is affected by
GLVs, e.g., in case of bacteria such as Xanthomonas and Pseudomonas, green leaf
volatiles help in its pathogenicity by affecting phytohormone balance, whereas in
the Botrytis fungus, it has direct toxicity by GLVs. Moreover, for proper defense
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response against Botrytis cinerea, JA is necessary as it has been reported that
JA-insensitive mutant is comparatively more susceptible to the fungus (Thomma
et al. 1998). Brown et al. (1995) reported that another GLV such as C6-aldehydes
helps to defend the plant from plant pathogen by influencing their conidia germina-
tion (Shiojiri et al. 2006; Yi et al. 2009). Experimentally in green house study, it has
been proved that silencing of HPL gene (hydroperoxide lyase gene responsible for
synthesis of GLVs) enhances the susceptibility of Arabidopsis thaliana plants
against Botrytis cinerea, a fungus pathogen, whereas overexpression of this gene
leads to strengthening the protection against the fungus. Shiojiri et al. (2006)
observed influence of fungal infection on synthetic (Z)-3-hexen-1-ol. Therefore,
emission of some HIPVs might have a positive role against pathogens, such as
Botrytis cinerea, that invade through wounds caused by herbivores (Fig. 7.4).
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Abstract

Microbial volatile organic compounds (MVOCs) produced by microorganisms
like bacteria and fungi are eco-friendly and considered a cost-effective sustain-
able strategy. There is potency for microbial VOCs in biotechnological applica-
tions as agriculture, industry, and medicine. Fungal and bacterial microbial
volatile organic compounds (MVOCSs) can be used instead of harmful pesti-
cides, fungicides, and bactericides to protect plants from pathogens and increase
crop productivity. MVOCs can be used to improve human health by
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characterization of volatiles released by lower respiratory tract bacterial patho-
gens and their effective role as diagnostic markers in patient breathe testing.
VOCs emitted by the human body, such as those which are released from the
gut, have a great potential for the diagnostic and therapeutic inspections and
help in the identification of liver enzyme activities and consequently investigat-
ing the influence of the metabolites on the liver function during disease develop-
ment. This gives credit/point for the microbes as a promising tool for biological
control that manages the disease and in the meantime saves the humanity and
surrounding environment. In this chapter, we would like to draw the attention to
the importance of microbial volatile organic compounds in the defense as gen-
eral mechanism, and the chemistry of some MVOCs which has great role in the
defense. Chat Conversation EndType a message.

Ke ywords
MVOC:s ¢ Fungi * Bacteria ¢ Agriculture compound

8.1 Introduction

Microorganisms have an indispensable role in our life and are the most valuable
creatures on our planet. They are of immense importance to the environment, human
health, and our economy. Microbes affect every aspect of life on our planet; without
microbes life cannot be maintained on earth. Majority of the microbes have pro-
found beneficial effects such as fixing atmospheric gases and converting dead ani-
mal and plant materials into simpler substances that can be recycled again into the
environment and reused in the beginning of the food chain. This example confirms
that we cannot stand without the microorganisms in our life. These organisms have
the same society and community like the human or may be more sophisticated.
Moreover, we can find the treatment for the pathogenic species from other species
or the same species but with different strain, so a study about the behavior of these
intelligent organisms is interesting and comes back with a lot of profit. Microbes
have an amazing variety of shapes and sizes. They have a wide diversity and live in
every part of the biosphere. Volatile organic compounds (VOCs) have perverse
characters on earth because of their physical and chemical properties which include
low boiling point, high vapor pressure, and low molecular mass. Clearly volatiles
are one of the constituents of the climate; however, they additionally reveal in per-
meable materials (rocks, plants, and soil pores) and are dissolved in liquid media.
To clarify the complexity of VOCs, the expression “volatilome” has been proposed
(Maffei et al. 2011). Volatile organic compounds (VOCs) can go a long way from
the purpose of creation through the environment, permeable soils and fluid to give
whole picture from chemical side for both short- and long-distance organismic
interactions. Therefor, VOCs can be consider as a remarkable tool for investigation
the mechanistic mode of action for the intracellular organisms from the biochemical
view (Maffei et al. 2011). The main sources of volatile compounds are animal and
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Fig. 8.1 Most frequently released MVOCs (Adapted from Kanchiswamy et al. 2015)

plant kingdoms, and they have been completely examined previously, whereas
examination of volatile compounds of microorganisms (e.g., bacteria and fungi)
was not properly investigateed for a while (Junker and Tholl 2013; Weisskopf 2013;
Pefiuelas et al. 2014). Microbial volatile organic compounds (MVOCs) are liquids
and carbon-based solids that come into gas phase by vaporizing at 0.01 kPa at a
temperature of roughly 20 °C (Pagans et al. 2006). Thus, MVOC production is
influenced by the diversity of the microbial species, phases of the microbial growth,
and other conditions such as pH, temperature, and nutrient compositions (Whillans
and Lamont 1995). On the other hand, the compounds originating from microbial
metabolism hardly exist because they have other environmental sources besides
microbial metabolism (von Reuss et al. 2010). Among the most commonly released
VOC:s are furfural, acetaldehyde, butanoic acid, methanol, propanoic acid, geosmin,
camphene, camphor, 2-methylisobor-neol, 5-hydroxy-methyl-furfural, o-pinene,
B-caryophyllene, and 1-octen-3-ol as illustrated in Fig. 8.1 (Perl et al. 2011; Juenger
etal. 2012; Sundberg et al. 2013; Kanchiswamy et al. 2015). On the other hand, they
open the door for chemical research through which the fundamental and important
details about the molecular basis of microbial exercises are rendered upon (Thorn
and Greenman 2012). This can supply the real-world potency for better control and
use of microorganisms (Liang et al. 2008). Additionally, MVOCs act as marker
compounds to identify the fungal and bacterial species on our planet (Fiedler et al.
2001). Moreover, the significant number of the distinguished and identified MVOCs
is produced by soil microorganisms (Insam and Seewald 2010).
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8.2 Identification of Microbial Volatile Compounds

Volatile organic compounds (VOCs) are low-molecular-weight lipophilic com-
pounds produced by different biosynthetic pathways. VOCs are responsible for the
interactions among plants and have a role in antagonists and mutualistic symbionts
above and below the soil surface (Garbeva et al. 2014b; Lemfack et al. 2014;
Kanchiswamy et al. 2015). MVOCs provide basic information about microbial
activities at molecular levels (Thorn and Greenman 2012). All living organisms can
produce volatiles, but not all have a remarkable role in ecological interactions
(Garbeva et al. 2004). The amount and composition of volatiles released by micro-
organisms depend on cultivation conditions and the physiological conditions of the
microorganism such as moisture rates, oxygen presence, pH changes, and tempera-
ture (Romoli et al. 2014). Bacterial volatiles are typically dominated by alcohols,
alkenes, ketones, benzenoids, terpenes, pyrazines, esters, and acids, whereas fungal
volatiles are dominated by aldehydes, alcohols, ketones, alkenes, acids, benzenoids,
and esters (Piechulla and Degenhardt 2014). More than 100 species of fungi and
bacteria inhabiting the soil were described as MVOC producers (Effmert et al.
2012). Volatile metabolites are the main players in microbe interactions, whereas
nonvolatile ones inhibit and sometimes stop the vital functions of bacteria (Tirranen
and Gitelson 2006). MVOCs which are produced mainly by bacteria and fungi are
synthesized and released during the primary metabolism (the synthesis and transla-
tion of DNA, amino acids, fatty acids) and the secondary metabolism (intermediates
of the primary metabolism), essentially in the metabolic oxidation of glucose from
different precursors like acetic acid, keto acids, fatty acids, and amino acids as illus-
trated in Fig. 8.2 (Korpi 2001).

However, the difference between primary and secondary metabolism is not clear,
and the MVOCs are formed during both two metabolic pathways. Several studies
manifested that MVOCs are defined as by-products from the primary metabolism
and mycotoxins are the end products of the secondary metabolism. The primary
metabolism is essential in all microorganisms, because it produces metabolites
which have significant influence on metabolic processes like growth, development,
and reproduction of microorganisms, while the secondary metabolism is still poorly
understood and has a negligible advantage because it stops the production of these
vital metabolites after the active growth (Bentley and Bennett 1988; Vining 1990).
The function of secondary metabolism is mysterious, but it has different functions
according to their diversity and differences in chemical structures. Most of these
metabolites are produced either intracellularly or extracellularly; therefore, they
could be used for detoxification of microorganisms or waste material. Among the
well-famed secondary metabolites are antibiotics, toxins, and dyes (Bentley and
Bennett 1988). Furthermore, nutritional disturbances and disorders such as defi-
ciency in nitrogen and carbon sources causes the production of the secondary
metabolites; also, modifications in the nutritional status can lead to enhancement of
MVOC production (Korpi 2001). Moreover, the production of certain fungal
MVOC:s is associated with mycotoxin production. Also, secondary metabolites in
some cases act as inhibitors of the primary metabolism (Sunesson 1995), and the
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Fig. 8.2 Main metabolic pathways for the production of some MVOCs and mycotoxins. Volatile
compounds are in italics. Abbreviations: CoA coenzyme A, PP pyrophosphate, TCA tricarboxylic
acid

volatile compounds produced by some bacterial species can enhance the production
of mycotoxin (Barr 1976). Such combinations have been described between the
monoterpenes, sesquiterpenes, and trichothecenes, sesquiterpenes and aflatoxins,
and ketones and ochratoxins (Demyttenaere et al. 2003, 2004; Wilkins et al. 2003).

8.3  Environmental Microbial Volatile Organic Compounds

The spontaneous environmental chemical reaction may alter the production of
MVOC:s into other compounds. For instance, alcohols are oxidized easily to carbox-
ylic acids and aldehydes (Wilkins et al. 1997). Ketones in the air could interact with
hydroxyl radicals to form aldehydes (Atkinson et al. 2000). On the other hand, the
atmosphere chemical reactions may produce organic acids, ketones, and aldehydes,
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but the intermediate products formed during the environmental reactions have been
suggested to be much more irritating than the corresponding original reactants and
the end products (Wolkoff et al. 1999, 2000; Weschler 2000). In instances under
extreme humidity conditions, the interaction between isoprene and ozone produces
methacrolein, hydrogen peroxide, and methyl vinyl ketone (Sauer et al. 1999), all of
which are defined as irritants. Also, human activities, building materials, foodstuffs,
smoking, and traffic can be considered as sources of environmental MVOCs
(Schleibinger et al. 2002). Till now, more than 250 compounds have been identified
in laboratory studies (Wilkins and Larsen 1995b and Jelen and Wasowicz 1998);
MVOCs produced by mixed cultures on the building materials have been examined
in a few studies (Claeson et al. 2002a, b). Most of the laboratory research have been
done with selected pure cultures of individual species, which are cultivated from
cereals, agar, and other foodstuffs, bedding materials (like peat, straw, and shavings)
or building materials (like wall paper, wood, and gypsum), house dust, and degrad-
able household waste (Schleibinger et al. 2003; Meruva et al. 2004; Claeson and
Sunesson 2005 and Claeson 2006).

Microorganisms, including algae, protozoa, fungi, bacteria, and viruses, are
found in an all-around space and in both indoor and open-air environments. Fungi
and heterotrophic bacteria use simple sugars and amino acids as organic sources for
carbon and energy. Molds are able to grow rapidly because of the moisture condi-
tions like suitable temperature, pH, and nutrient that are available in indoor environ-
ments. Also, some different species from bacteria and fungi are able to grow in any
humid indoor conditions. The growth of molds on different types of materials is
accompanied by the growth of bacteria in spite of researchers giving more attention
to fungi in their studies more than bacteria. For example, primary colonizers, such
as Aspergillus, Eurotium, and Penicillium, can be cultivated when the humidity per-
centage is more than 75%, secondary colonizers grow when humidity is at 80-90%,
and tertiary colonizers like Fusarium, Stachybotrys, and actinomycetes are able to
grow at a humidity above 90% (Pasanen et al. 1992; Batterman 1995). Furthermore,
approximately 70% of the investigated moldy buildings which belong to the asco-
mycetes are Streptomyces. It was found in the indoor air of buildings; therefore, it
has been considered as an indicator of destruction of water buildings (Hyvirinen
et al. 2002; Suutari et al. 2002). On the other hand, several scientists demonstrated
that actinomycetes are substantial for the degradation of multiple materials includ-
ing plastics and rubber and materials that are hard to decay (Suutari et al. 2002).
Bacteria and fungi have the ability to produce a wide diversity of compounds which
have a role in biochemical processes. Majority of these compounds are volatile ones
such as esters, alcohols, hydrocarbons, terpenes, sulfur-containing compounds,
ketones, and carboxylic acids; some of the most common microbial volatiles are
shown in Table 8.1 (Fischer et al. 2000; Wilkins et al. 2000; Fiedler et al. 2001). The
attention in using MVOC:s as a signal of biocontamination was firstly boosted by the
food-processing industry in the 1970s, when unpleasant odors of MVOCs were
detected during the storage or processing of foodstuffs (Dainty et al. 1984, 1989;
Borjesson et al. 1989, 1992; Wilkins and Scholl 1989). After that, MVOCs were
investigated to recognize, identify, and isolate the microbes which are mainly fungi
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Table 8.1 Examples of some MVOC compounds produced by some microorganisms

Compound group

Subgroups

Examples of common compounds

Hydrocarbons

Alkanes, alkenes, dienes, trienes

Octane, 1-octene

Terpenes

Hemiterpenes (Cs hydrocarbons,
alcohols, ketones)

Monoterpenes (C, hydrocarbons,
alcohols, ethers, ketones)

Sesquiterpenes (Cys, Cyy, Cjo
hydrocarbons, alcohols, ketones)

Diterpenes (C,, hydrocarbons)

Isoprene, limonene, geosmin

Alcohols

Saturated, unsaturated, branched

1-Octen-3-ol,
2-methyl-2-propanol

Carboxylic acids and
esters

Saturated, unsaturated, branched,
diols, ketols

Acetic acid, ethyl acetate

Ketones

Methyl(2-) ketones (saturated,
branched)

Ethyl(3-) ketones (saturated,
unsaturated)

2-Butanone, 3-methyl-2-
pentanone, 2-hexanone,
3-hexanone, cyclopentanone

Sulfur derivatives Thiols, monosulfides, disulfide, Dimethyl disulfide
trisulfides, S-methyl thioesters,
thioethers

Aromatic compounds | Hydrocarbons, alcohols, ethers, Styrene

ketones, phenols

Nitrogen-containing
heterocyclics

Alkoxypyrazines, indoles,
pyrroles, alkylfurans, y- and

3-Methylfuran

d-lactones

(Wilkins et al. 2000; Karlshgj and Larsen 2005). Fungi and bacteria may affect the
human health through the production of fungal mycotoxins, bacterial exo- and
endotoxins, components of cell wall, and MVOCs. There are three ways in which
bacteria and fungi could affect human health: allergic reactions, infections, and
toxic responses (Stetzenbach 1998; Goérny et al. 2002). Also, the exposure to
MVOC:s is one of the main reasons of a number of health problem symptoms like
infection of the nose and eye, throat irritation, and tiredness (Samson 1985;
Stetzenbach 1998).

On the other hand, individuals invest a greater part of their time inside, and as
these buildings become older, the number of people experiencing negative health
effects has been increasing since the 1970s (Redlich et al. 1997). However, MVOCs
in indoor air environments were detected in the 1990s for the first time (Bayer and
Crow 1994; Morey et al. 1997; Wilkins et al. 1997). These problems found in build-
ings are always named sick building syndrome (SBS). Many of MVOCs have been
identified in indoor air, but indoor concentrations of many pollutants are always
higher than those of outdoor (Jones 1999). Building products are always the reasons
of the pollution of indoor air, but MVOC:s resulted from diversity of other sources
such as microorganisms, human activities, furniture, humidity, and solvents (Jones
1999). Nowadays there is a general agreement on the connection between humidity
in buildings and health effects such as respiratory disease, asthma, wheezing, and
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coughing and general health problems such as headache and tiredness (Bornehag
et al. 2001, 2004). These side effects have been characterized by the World Health
Organization (WHO) which also include irritation (nose, eye, and throat), asthma,
asthma-like symptoms (wheezing and chest tightness), neurotoxin effects (head-
aches, irritability, and fatigue), and skin symptoms (irritation and dryness) (WHO
1986).

There is no single or group of environmental factors that cause SBS, but there are
many suggestions such as air contaminants, bacteria, fungi, dust, humidity, and poor
ventilation which may be working individually or together (Redlich et al. 1997).
The clear reasons for the previously mentioned symptoms have not yet been illus-
trated; however, organic chemical compounds and microbial agents have been sub-
mitted as one of causative agents. Humidity of building materials undergoes
degradation processes resulting in the emission of chemical compounds, and the
water content of the materials also supports the growth of microbes. The growth of
fungi has been considered as the major reason that causes health problems in build-
ings; however, the literature observed that indoor air spores are poorly found
(Bornehag et al. 2004 and Nevalainen and Seuri 2005).

The microbial development is always holed up behind ceilings or carpets which
can be the reason behind the absence of connection between health symptoms and
measured spore levels in indoor air. However, MVOCs are able to spread into the
building structures, in this manner adding to the total combinations of VOCs to
which those humans remaining inside are exposed. Thus, there is no relationship
between MVOCs and a health problem which has been found that the interference
of MVOC:s in the SBS complex of problem is still flawed. On the other hand, due to
many sources, the concentrations of indoor MVOCs vary, but both nonproblem and
problem building have a total count of MVOC concentrations of less than 0.5 mg/
m?; however, the concentration of a single compound rarely exceeds 50 pg/m?
(Brown 1999). However, a lot of scientists failed to find the relation between the
total accounts of MVOC concentrations and health problems (Berglund and
Johansson 1996; Mglhave et al. 1997; Ten Brinke et al. 1998). Furthermore, the
composition of the substrate and microbial species is the most important factor to
produce MVOCs (Sunesson et al. 1997). Also, there are other factors effecting
MVOC production pattern such as temperature, growth phase, light, moisture, pH
of the substrate, and availability of different levels of O, or CO, (Sunesson et al.
1996). The substrate composition has great effect on both quantitative and qualita-
tive excretion of volatile compounds, for example, nutrient-rich media enhanced
more quantities and different types of metabolites than do media with poor nutrient
source (Wilkins et al. 2000). Moreover, in a damp moldy building, there are odors
of fungal VOCs released from microscopic fungi that are easily identified, and the
investigators study the negative effects of these odors on human health under the
name of sick building syndrome (SBS) as mentioned before. On the other hand,
about 250 of volatile organic compounds have been recognized from different fun-
gal species, and it produced a mixture of simple phenols, heterocycles, thioalcohols,
aldehydes, hydrocarbons, alcohols, ketones, thioesters, and their derivatives (Chiron
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Fig. 8.3 Structure, functions, and odors of some VOCs produced by fungi

and Michelot 2005; Korpi et al. 2009; Ortiz-Castro et al. 2009). Fungal VOCs are
released from both primary and secondary metabolism pathways (Korpi et al. 2009),
and they are ideal (info-chemicals) because they can diffuse from the atmosphere
and soil as illustrated in Fig. 8.3 (Morey et al. 1997). Also, during the past few
years, unexpected high numbers of bacterial volatiles have been investigated (about
1000 of bacterial VOCs) including ketones, esters, alkenes, alcohols, alkanes, terpe-
noids, and sulfur compounds. A lot of investigations proved that bacteria emit their
volatile compounds during their interactions with other microorganisms, in turn
affecting communities and populations (Kai et al. 2009; Romoli et al. 2014) like
interaction between bacteria and bacteria, bacteria and fungi, bacteria and plants,
and bacteria and vertebrates. The appearances of these volatile compounds are due
to a specific metabolism pathway in the bacteria (Kai et al. 2009). These volatile
compounds are also ideal info-chemicals (like fungi) where it happened in the bio-
sphere at different concentrations and over long distances (Wheatley 2002).
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8.4 Fungal Volatile Organic Compounds

The actual roles of fungal VOC:s in different aspects in daily activities as in the food
industry are illustrated in Fig. 8.4. The VOCs are an alternative method for harmful
chemical pesticides for the management plant disease during growth and a safety
method to control the post-harvest disease by preventing the growth of any bacterial
or fungal disease which is known as “mycofumigation” or organizing the phenom-
ena of plant—microbe interaction. Also, VOCs are used in the classification of fungi
because some species of fungi produce their own compounds. On the other hand,
fungal VOCs have been studied as source of fuel or “mycodiesel.” Finally, fungal
VOC:s are the key factor in food and flavor research, and volatile compounds from
fungus have a role in human diseases which help the organism to invade the immune
systems and cause severe diseases (Styger et al. 2011).

Lipid-soluble compounds are the most known of the microbial volatile organic
compounds (MVOCs). Therefore, it has low water solubility also; numerous
MVOCs have special odors, and this does not surprise the people who are working
with fungal VOCs. For instance, the macro-fungi-like mushrooms which are highly
important in the culinary arts have different combinations of VOCs like terpenes,

Fig. 8.4 The scheme representing the use of fungal VOCs in a different application
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Fig. 8.5 Biosynthesis of fungal oxylipins in Aspergillus nidulans (Adapted from Christensen and
Kolomiets 2011)

aldehydes, aromatics, and alcohols (Splivallo et al. 2007; Cho et al. 2008a, b; Fraatz
and Zorn 2010). The most famous example is oxylipins which are a distinct group
of lipids and defined as polyunsaturated fatty acids (PUFA) which gain oxygen
either by enzymatic or nonenzymatic processes. Oxylipins have various characters
in all living organisms such as mammals, microbes, and plants (Kachroo and
Kachroo 2009; Shea and Del Poeta 2006 and Howe 2007). Fungal oxylipins partici-
pate obviously in various metabolic processes, for example, cell growth, apoptosis,
sexual and asexual spore, differentiation, and pathogenesis (Noverr et al. 2003; La
Camera et al. 2004). The discovery of the Psi factor (for precocious sexual inducer)
opened the door to determine the role of fungal oxylipins in physiological processes
(Champe et al. 1987). Phospholipids and acylglycerides are origins of fungal oxy-
lipins that are hydrolyzed by lipases to produce oleic acid (18:1), linoleic acid
(18:2), linolenic acid (18:3), and arachidonic acid (20:4) as illustrated in Fig. 8.5
(Sakuradani et al. 2009).

Several reports mentioned that several species of fungi can produce oxylipins
such as Aspergillus spp., Fusarium spp., Gaeumannomyces graminis, Laetisaria
arvalis, and Cercospora zeae-maydis (Shim and Dunkle 2002; Tsitsigiannis and
Keller 2007). For example, dioxygenase (DOX) and lipoxygenase (LOX) from
Gaeumannomyces graminis were the first enzymes characterized and participated in
fungal oxylipin formation. The DOX and linoleate 8-DOX (Ids) which are
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Fig. 8.6 Hypothetical model of oxylipin-mediated signal communication between plants and
fungi (Adapted from Christensen and Kolomiets 2011)

homologous to the mammalian cyclooxygenase (COX) produce linoleic acid-
derived 8-hydroxy linoleic acid (Hamberg et al. 1998; Su et al. 1998; Hornsten et al.
1999). On the other hand, as shown in Fig. 8.6, when the fungus invades the
plant, oxylipins from both sides interact with each other, and each side would like
to dominate on the other side from oxylipin mechanism. One hypothesis postulated
that oxylipins produced from plant can control the fungal oxylipin biosynthesis.
Other hypotheses are controversial, and they could prove that oxylipins from fungus
can alter the metabolism of lipids in the plant during plant—fungus interactions
(Brodhagen et al. 2008). Invading fungi can produce lipase and LOX inside of the
host cell to change metabolism of the lipid in the host by breaking down free fatty
acids and oxidizing to produce oxylipins. The oxylipin-derived fungi used host-
derived oxylipins to invade growth and produce the spores and mycotoxins (Voigt
et al. 2005). All these studies support the ability of fungi to use the host oxylipins to
increase fungal pathogenicity.

8.5 MVOCs Produced by Endophytic Fungi
and Mycofumigation Process

The research on endophyte was concentrated on endophytic fungi, which appear to
be ubiquitous among plants. All plant species inspected to the date have at least one
species of endophyte (Petrini 1991; Arnold et al. 2001), and a lot of plant species
may contain different endophytic species within apparent health tissues (Stone et al.
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2000). An uncommon endophytic fungus was isolated and identified from
Cinnamomum zeylanicum growing in a rainforest in Honduras (Strobel et al. 2001
and Worapong et al. 2001). This fungus lacked spores and spore-producing struc-
tures that have whitish hyphae (rope-like) which widely vary in diameter. Moreover,
the result of 18S rDNA sequence data indicated that this organism was a Xylariaceae
sp. This organism was able to produce a mixture of volatile organic compounds
(VOC:s), and according to the available chemical, molecular, and structural knowl-
edge, this organism was given another genus name Muscodor albus. During the past
3040 years, a lot of VOCs from fungi have been isolated and identified. However,
no one has described the production of VOCs from the genus Muscodor albus which
has been counted as effective tool against wide range of fungi, bacteria, and some
nematodes and arthropod species as the genus Muscodor albus (Strobel et al. 2001;
Mercier and Jimenez 2004; Mercier and Manker 2005; Strobel 2006; Riga et al.
2008). This inhibition effect was due to combinations of VOCs produced by M.
albus in the culture medium (Strobel et al. 2001). The VOCs produced by M. albus
consist of different organic acids, esters, short-chain alcohols, aromatic hydrocar-
bons, and ketones (Strobel et al. 2001), and this varies according to the type of
nutrients, duration of incubation, substrate, temperature, and other environmental
parameters (Nilsson et al. 2004 and Fiedler et al. 2005). The first entophytic fungus
to be identified was M. albus which is found in the inner tissues of plants (Wilson
1995). Despite the fact that the collaborations between host plant and endophytes
are regularly asymptomatic either for all or part of their life cycle, these can also be
considered as communistic relationships. There are a lot of models which demon-
strated that endophytic fungi improved the host plant growth, fitness, and response
to stress (Waller et al. 2005; Rodriguez et al. 2009; Yuan et al. 2010). VOCs of
Muscodor albus can be used as a defense barrier for the plant against potential
pathogens or insects, besides helping the microorganisms to live (Strobel et al.
2001). On the other hand, the toxicity of VOCs released by M. albus was used to
inhibit the growth of other microorganisms in agricultural seeds, plants, and soil.
This process is called mycofumigation (Stinson et al. 2003; Mercier and Manker
2005; Strobel 2006). Recently, mycofumigation is used in transportation and stor-
age of different fruits and vegetables due to the presence of M. albus which increases
their shelf life till used (Mercier and Jimenez 2004). Therefore, M. albus is the
promising strain for controlling this malady (Stinson et al. 2003). In vitro, the VOCs
emitted from M. albus can inhibit the growth of Monilinia fructicola, Penicillium
expansum, and B. cinerea which cause disease for peach. Moreover, the volatiles
can reduce the incidence of post-harvest disease for peaches for more than 7 days of
storage (Mercier and Jimenez 2004). Volatiles of M. albus also can prohibit the
formation of molds (Mercier and Jimenez 2007). The volatiles of Oxyporus latemar-
ginatus EF069 can be deemed as a promising tool for controlling the post-harvest
diseases affecting negatively several crops and fruits as the VOCs secreted by O.
latemarginatus EF069 diminish the rotten apples, which is caused by B. cinerea and
Rhizoctonia moth orchid, after harvesting (Lee et al. 2009).

Also, the production of VOCs by endophytic fungi permits the host plant to fight
the other pathogen which attacks them as well as harsh environments like salinity
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and drought (Verma et al. 2007). This motivated a lot of researchers analyzing the
endophytic fungi to investigate the use of endophytic VOCs in medicine, agriculture
and biotechnological industry (Banerjee et al. 2010; Tomsheck et al. 2010; Ahamed
and Ahring 2011). Other examples for endophytic fungi which release volatile
organic compounds were that isolated from Odontoglossum sp. (Orchidaceae)
which was collected from a cloud forest in the Ecuadorian ecosystem. Orchidaceae
is one of the largest plant family in the world, and it contains many of endophytes
that release various of VOCs. An interesting peppery aroma was produced by the
organism, so it was further selected for studying its biology, taxonomy, and VOCs
(Singh et al. 2011).

Endophytic fungi of Xylariaceae family are a rich source of VOCs.
2-Phenylethanol is among VOCs produced by Aspergillus niger which has been
isolated from the host plant Rosa damascena (Wani et al. 2010); 2-methyl butane,
B-butyrolactone, and 2-butene dinitrile produced by Botrytis sp. BTF21 on the host
plant Musa sp. (Ting et al. 2010); sabinene, 3-methylbutan-1-ol, 2-methylpropan-
1-0l, and acetone produced by Phomopsis sp. on the host plant Odontoglossum sp.
(Singh et al. 2011); and B-elemene, a-selinene, B- selinene, and 2,5-dihydrotoluene
produced by Nodulisporium sp. on the host plant Cinnamomum loureirii (Park et al.
2010) as illustrated in Fig. 8.7.

8.6 MVOCs Produced by Bacteria

Bacteria release highly diverse inorganic and organic volatile compounds, which
consist of different chemical classes, like nitrogen- and sulfur-containing com-
pounds, acids, terpenes, and fatty acid derivatives (hydrocarbons, alcohols, and
ketones), as shown in Fig. 8.8 (Ladygina et al. 2006). The short-chain alkanes are
located in the microorganisms, while longer hydrocarbons like hexadecane are
found in Cyanobacteria, which also have the ability to synthesize branched hydro-
carbons (Tellez et al. 2001; Ladygina et al. 2006). Also, decarboxylation of fatty
acids resulted in methyl ketones. Under anaerobic conditions, the fermentation of
pyruvate resulted in acetoin (3-hydroxy-2-butanone) and its oxidized form
2,3-butanedione (Ryu et al. 2003), and this happens when acetolactate synthase
enzyme catalyzes the condensation of two pyruvate molecules into acetolactate,
then decarboxylates to form acetoin, and then oxidizes to form 2,3-butanedione.
The processes which regulate the synthesis of acetoin and 2,3-butanedione in the
environment are still unclear. Enterobacteriaceae produced long-chain aliphatic
alcohols (e.g., 1-decanol, 1-dodecanol, and 1-octanol); they are produced through
[- or a-oxidation of fatty acid derivatives when the medium was supplemented by it
(Hamilton-Kemp et al. 2005). In contrast, Proteobacteria and Firmicutes produce
short-chain alcohols (like 2,3-butanediol) during minimum oxygen conditions to
supply a substitutional electron sink for the regeneration of NAD* when aerobic
respiration is limited from pyruvate (Farag et al. 2013; Whiteson et al. 2014). On the
other hand, by the Ehrlich pathway, enzymatic conversion of branched-chain amino
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et al. 2015)

acids such as isoleucine and leucine resulted in short-chain-branched alcohols like
3-methyl-1-butanol and 2-methyl-1-butanol (Marilley and Casey 2004).

Organic acids are produced less than alcohols and ketones, probably; many of
the described short-chain fatty acids have been emitted by bacteria-like propionic
acid, acetic acid, or butyric acid. These compounds exemplify the by-products of
the anaerobic metabolism, and they are composed during fermentation processes of
carbohydrates in bacteria. Also, anaplerotic pathway of the tricarboxylic acid cycle
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which allows cells to use the carbon compounds leads to the production of glyoxylic
acid (Lorenz and Fink 2002; Schulz and Dickschat 2007). However, other metabolic
pathways like amino acid metabolism or ethylene glycol can produce glyoxylic acid
(Muckschel et al. 2012). On the other hand, sulfur compounds confer fermentation
of food aroma like wine and cheese. The biosynthesis of methionine-derived vola-
tiles, like 1-(methyl thio)-3-pentanone and dimethyl sulfide, is always intermediated
by bacteria. Also, most volatile sulfur compound pathways from L-methionine
include cleavage of 3-dimethylsulfoniopropionate which is created by marine algae
and higher plants (Stefels 2000). Trimethylamine which is responsible for the odor
of spoiling fish and also found in animal and human intestines is a tertiary volatile
amine, and it is released upon the reduction of trimethylamine oxide (TMAO). This
occurred under anaerobic conditions, while bacterial conversion occurred under
both aerobic and anaerobic conditions. Another example is 2-amino-acetophenone
(2-AA) which is an aromatic compound responsible for the grape-like odor of
Pseudomonas aeruginosa cultures and could be used to detect P. aeruginosa infec-
tions (Que et al. 2013). Indole excretion has been reported in more than 85 species
of bacteria (Lee and Lee 2010). Biosynthetic pathway of these compounds has been
well studied in Escherichia coli, where it relies on tryptophanase encoded by tnaA
that can reversibly modify tryptophan into indole, pyruvate, and ammonia.
Regulation of indole biosynthesis is controlled by several environmental conditions
such as cell population density, existence of extracellular tryptophan, catabolite
repression, pH, and temperature (Lee and Lee 2010). Furthermore, terpenes are
derived from isopentenyl pyrophosphate and dimethylallyl pyrophosphate building
units, which can arise either from mevalonate pathway or deoxyxylulose phosphate
pathway. Bacterial strains can produce monoterpenes (C,,), sesquiterpenes (Cs),
and their derivatives (Schulz and Dickschat 2007). The earthy odorant geosmin and
antibiotic albaflavenone are both terpenoid compounds formed by bacteria, while
geosmin, a degraded sesquiterpene, is produced in several bacterial species, and
albaflavenone is exclusively found in Streptomyces (Schulz and Dickschat 2007).
Also, bacteria released inorganic volatile compound like hydrogen sulfide (H,S),
nitric oxide (NO), hydrogen cyanide (HCN), or ammonia. Hydrogen sulfide (H,S)-
producing bacteria produce this gas during cysteine degradation (Mattila and
Thomas 2014). Nitric oxide (NO) is released from L-arginine by nitric oxide syn-
thases (Mattila and Thomas 2014). Ammonia is released via L-aspartate catabolism
from the metabolism of peptide and amino acid (Bernier et al. 2011). It is observed
that, as a by-product in E. coli, K12 ammonia is released by an aspartate ammonia
lyase when aspartate was converted to fumarate (Bernier et al. 2011). On the other
hand, a few bacterial species such as some species of Chromobacterium, Rhizobium,
and Pseudomonas have been detected to produce hydrogen cyanide (HCN). The
HCN biosynthesis is catalyzed by HCN synthase and encoded by hcnABC genes,
which forms HCN and CO, from glycine at the end of the exponential phase and
under oxygen limiting conditions (Blom et al. 2011).
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8.7 MVOCGs in the Field for Plant Productivity and Crop
Sustainability

The remarkable application of fertilizers and synthetic pesticides supplies immedi-
ate solutions for the crop yield problems and plant disease, respectively, but in the
end, they drastically affect human health and our environment. Although biocontrol
agents are produced by diverse microorganisms, they are becoming suitable sub-
stituents for the chemical fertilizers and pesticides, and their reduced efficiency and
still highly expensive and incompatible field performance relegate them to niche
product (Glare et al. 2012). Researchers who focused on MVOC-plant interactions
have led to an increasingly conceptual understanding of the complicated and
dynamic character of MVOCs, through confirming their indispensable role for
enhancing crop productivity and protection. Plant treatment with MVOCs leads to
remarkable modification of the metabolism, physiology, and transcriptional status
of the plant, which strengthens the hypothesis that plants are able to respond to and
perceive MVOCs (Cortes-Barco et al. 2010a, b; Song and Ryu 2013). Many studies
clearly proved the necessity for application of MVOCs in open field and insist on
their diverse roles for increasing resistance to manage pathogen, providing the pro-
tection from herbivores, so in general they act as biocontrol agents. Although,
MVOCs play an important role in antibiosis and signaling also, they may act as
regulators of growth and development of plant. But, on the molecular and ecological
basis, the microbial volatile is not completely clear. Several mechanisms such as
defense against other microorganisms, inter- and intraspecies interactions, and pro-
motion of plant growth have been proposed. Therefore, to understand the role of
VOC:s in plant productivity, we must study the genome, metabolome, and proteome
of plants when treated with MVOCs (Park et al. 2013; Song et al. 2013). Microbial
volatiles affect the resistance to different pathogens and regulation of phytohor-
mones and influence plant growth and development (Piechulla and Degenhardt
2014; Penuelas et al. 2014). Plant growth is promoted by the production of GacS
kinase-dependent production of 2,3-butanediol in presence of MVOCs provides the
optimum condition for the growth of the plant (Han et al. 2006). 2,3-Butanediol
produced by Bacillus subtilis helps the Arabidopsis plant to tolerate salt and enhance
the induction systemic resistance (ISR) which regulate auxin and ethylene homeo-
stasis, while Pseudomonas chlororaphis can produce the same compound which
enables the plant to tolerate drought and increase resistance to Erwinia carotovora
but not against Pseudomonas syringae pv. tabaci (Ryu et al. 2004; Cho et al. 2008a,
b; Zhang et al. 2008). Furthermore, the volatiles of Chromobacterium, Burkholderia,
Serratia, Pseudomonas, and Stenotrophomona showed adverse impacts on plant
growth and development (Bailly and Weisskopf 2012). On the other hand, the analy-
sis of proteomes and metabolomes of Arabidopsis plant exposed to Bacillus subtilis
volatiles indicates the presence of different signaling pathways to increase plant
growth such as cell wall modification, hormonal modulations, stress responses path-
ways, enzyme activity, antioxidant activity, and photosynthetic pathways (Kwon
et al. 2010). Moreover, Trichoderma viride volatile compounds induce lateral root
elongation and enhance flowering which indicates the importance of volatile
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compounds for the growth (Hung et al. 2013). Also, 1-octen-3-ol is produced by
many fungi and contributes to enhanced plant resistance to the necrotrophic fungal
pathogen Botrytis cinerea through the induction of defense signaling pathways
(Contreras-Cornejo et al. 2014; Kishimoto et al. 2007). The volatiles from Alternaria
alternata and Penicillium aurantiogriseum augment the growth and starch forma-
tion in various plant species (Ezquer et al. 2010). Interestingly, volatiles from non-
pathogenic strains of Fusarium oxysporum MSA35 promote the growth of the
lettuce (Lactuca sativa) (Minerdi et al. 2009; Minerdi et al. 2011). These examples
conclude that MVOCs have potential effects on plant growth and increase plant
productivity and welfare; MVOCs can be used instead of costly and unsustainable
chemical pesticides and fertilizers that might harm human health. Spreading the
concept of MVOCs as an alternative and promising way still remains a challenge
and needs more effort.

8.8 VOCs as Biocontrol Agents

In disease control strategies, it is very important to select effective biocontrol agents.
Bacillus subtilis has antifungal properties, so that a number of plant and animal
diseases can be controlled (Whipps 2001). Volatile compounds are important in
the functioning of both atmospheric (“aboveground”) and soil (“belowground”)
ecosystems. Fungal VOCs have potential for biotechnological applications in
agriculture, industry, and medicine. In agriculture, the potential of fungal VOCs as
biological control (biocontrol) agents is of interest to control fungal pests and to
employ a more environmentally sound pest management strategy by reducing fun-
gicide use on crop plants.

8.8.1 Aboveground Actions (Aerial Part)

Fungi which associate to plants and cause no negative influence on their hosts called
endophytic fungi (Bacon and White 2000). These fungi secrete a mixture of VOCs,
and it is clear that from an ecological view, it is much more complicated than
researchers have previously estimated. Furthermore, the volatile organic compounds
of endophytes may provide beneficial influence on the host plant through forming
supplementary lines of defense against diseases that may cause disease for the host
(Macias-Rubalcava et al. 2010). For instance, VOCs emitted from Muscodor albus
inhibit pathogenic fungi and bacteria attacking the plants as mentioned before
(Strobel et al. 2001). Moreover, the VOCs released from Muscodor fengyangensis
and Muscodor yucatanensis can inhibit the growth of pathogenic species of bacteria
and fungi (Zhang et al. 2010). Also, volatile compounds released from Muscodor
crispans can suppress multiple pathogen diseases such as Mycosphaerella fijiensis
which infect bananas, as well as the Xanthomonas axonopodis pv. Citri, which con-
stitute incurable problem for citrus crops which is considered as one of the main
exports of different countries (Mitchell et al. 2010). Endophytic fungi can help the
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plant to survive under severe conditions. For example, VOCs released from the fun-
gus Phoma sp. (from creosote bush) help the shrub to tolerate and survive in a desert
(Strobel et al. 2011). It has the ability to produce unique VOCs which can damp or
kill a wide variety of pathogens such as Sclerotinia, Cercospora, Verticillium, and
Ceratocystis, while for Aspergillus, Colletotrichum, and Trichoderma, there is not
any observable effect (Strobel et al. 2011).

8.8.2 Belowground Action (Soil Region)

Fungistasis is defined as the growth of the fungal hyphae that lose the ability to grow
under optimum moisture conditions and temperature due to either competition for
nutrients with other microorganisms or secreting diverse volatile compounds that
effect negatively on other organisms in the soil (Watson and Ford 1972). Soils which
are dominated by fungi are highly filled with 3-methyl-2-pentanone, trimethyl-
amine, methyl pyrazine, dimethyl disulfide, 2,5-dimethyl-pyrazine, nonadecane,
and N-dimethyloctylamine, but soils without fungistasis do not (Xu et al. 2004).
Volatile fungistatic compounds can inhibit the growth of three fungal species,
namely, Paecilomyces lilacinus, Pochonia chlamydosporia, and Clonostachys
rosea; these volatile compounds do not need competition among soil microbes for
emission, and sometimes they may have a distinguished mechanism to manage the
fungistatic effect in the soil (Xu et al. 2004). The pores of the soils can be replen-
ished by VOCs, and according to the characteristic properties of the surrounding
area, VOCs can distribute (Aochi and Farmer 2005). Also, volatile compounds emit-
ted by nonpathogenic Fusarium oxysporum strain-associated bacteria inhibited the
growth of the pathogenic F. oxysporum which is disease to the plants (Minerdi et al.
2009). Furthermore, Muscodor albus can manage the rapid death of broccoli seed-
lings caused by Rhizoctonia solani and the root rot of bell pepper caused by
Phytophthora capsici (Mercier and Manker 2005). On the other hand, the expres-
sion of gene responsible for biocontrol in Pseudomonas fluorescens is highly
expressed during the presence of the volatiles emitted by Trichoderma atroviride
(Lutz et al. 2004). Therefore, the treatment of the plants with volatiles of soilborne
fungi can provide protection from pathogen attack, e.g., treatment of Arabidopsis
thaliana with 1-octen-3-ol (mushroom alcohol) inhibits the growth of Botrytis cine-
rea through the regulated production of defense gene (Kishimoto et al. 2007).
Moreover, allo-ocimene and an aldehyde which contain six carbon atoms have simi-
lar defense actions in A. thaliana (Kishimoto et al. 2006a, b). Also, other previous
literature could reveal antagonist effect of fungal VOCs on plant growth, for exam-
ple, fungal volatile compounds secreted by Tuber spp. prevent the growth of A.
thaliana plant and mycorrhizal fungi that can form dead zones, consequently rub-
bing the competitors of their host (Splivallo et al. 2007a, 2011).
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8.9 VOCs and Antibiotics

Antibiotic resistance, biofilm formation, and virulence could be influenced by bac-
terial volatile compounds since they play an important role in airborne interactions
between bacteria. During food transformation and fermentation, bacteria release
many different volatile compounds (Bos et al. 2013). Volatile bacterial secondary
metabolites have influence on the growth of exposed plants, fungi, and animals (Ma
etal. 2012). E. coli can produce more than 14 volatile compounds that have tangible
role in mortality, resistance to different antibiotics, and adhesion processes. One of
these promising compounds is TMA which can coordinate antibiotic tolerance in
bacteria with different mechanisms (Létoffé et al. 2014). On the other hand, fungi
produce antibiotics used in managing human disease; Muscodor crispans produce
different types of VOCs such as propanoic acid, 2-methylbutyl ester, and
3-methylbutyl ester which help in managing several pathogens affecting humans
such as Staphylococcus aureus, Mycobacterium tuberculosis, and Yersinia pestis
which are drug resistant (Mitchell et al. 2010). These volatile compounds released
have bactericidal criteria against Escherichia coli (Zhang et al. 2010).

8.10 VOCs Role in Bacterial-Fungal Interactions

Volatile compounds can serve as signaling molecules in the communication among
different soil microbes although their physicochemical properties enable diffusion
through soil particles. With respect to the functioning of soil microbial volatiles,
most attention has been given to the suppressive effects of bacterial volatiles on soil
eukaryotes that are harmful to agricultural crops, e.g., plant pathogenic fungi (Zou
et al. 2007; Verginer et al. 2010; Garbeva et al. 2014a, b). S. plymuthica, S. odorif-
era, Stenotrophomonas maltophilia, Stenotrophomonas rhizophila, P. fluorescens,
and P. trivialis which are rhizobacterial isolates produce complex MVOCs that
inhibit the growth of many phytopathogenic and non-phytopathogenic fungi
(Vespermann et al. 2007; Kai et al. 2010).

To our knowledge, there is very little research concerning with the investigation
of the role of volatile compounds in fungal-bacterial interactions. The volatile com-
pounds released by ascomycete fungi have indispensable role in interactions
between fungi and bacteria. Volatiles influence phonotypical responses such as bio-
film formation, growth of the microorganism, antimicrobial activity, and motility
(Ruth Schmidt et al. 2016).

The role of MVOC:s in the antagonistic interactions between mycorrhizal fungi
and rhizobacteria and their ecological role have been described recently in a review
by Effmert et al. 2012. For example, pyrrolnitrin (PRN) is a chlorinated phenylpyr-
role antibiotic that is firstly identified from Burkholderia pyrrocinia and finally
found in other genera, like Serratia, Myxococcus, Enterobacter, and Pseudomonas
(Garbeva et al. 2004). It has a broad spectrum against a lot of fungi belonging to the
Ascomycota, Deuteromycota, and Basidiomycota including a lot of phytopathogens
with economical importance like Botrytis cinerea, Sclerotinia sclerotiorum,
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Rhizoctonia solani, and Verticillium dahlia. Also, Xanthomonas campestris pv.
vesicatoria emit more than 50 compounds; the majority of them are methyl ketones
and ketones, while the dominant compounds are 10-methylundecan-2-one followed
by 8-methylnonan-2-one, 9-methylundecan-2-one, geranylacetone, pentadecen-
2-one, and 12-methyltridecan-2-one as illustrated in Fig. 8.9. When some of these
compounds were tested on the fungus R. solani, contradictory results were found
with either promoting or inhibiting effects (Weise et al. 2012).

8.11 MVOCs and Human Health

8.11.1 Bacterial Volatiles as Markers for Respiratory Diseases
Diagnosis

Bacteria cause approximately a third to a half of adult community-acquired respira-
tory infections (Johansson et al. 2009). In respiratory tract infections, antibiotics are
prescribed according to a patient history or self-report of sputum characteristics and
length of symptoms (Tonkin-Crine et al. 2011). A broad spectrum and wide range
of antibiotic activity are desirable, and this leads to antibiotic resistance (Costelloe
et al. 2010). So the novel trend right now in the treatment is doing an analysis of a
patient’s breath which is known as “breath testing”” which will provide us with the
exact disease and can help us to avoid anticipating the inappropriate professional of
antibiotics in the treatment of respiratory infections. Breath testing is defined as
determining the contents of volatile metabolites in the breath to detect patients with
Pseudomonas aeruginosa infection and tuberculosis. On the other hand, gas chro-
matography (GC) together with electron impact (EI) and mass spectrometry (MS)
is the most established reliable and widely used approach to recognize and charac-
terize gases and volatile compounds. Resolving power for different isomers in GC,
the existence of large reference databases and efforts at standardization will increase
the probability for similar results to be obtained from different laboratories (Zhang
et al. 2011; Phillips et al. 2012). Although volatiles from different types of bacterial
species have been characterized and well known, bacterial VOCs do not appear in
the major databases (i.e., Wiley, NIST, and Massfinder) used for initial hypothetical
identification of compounds compared to the mass spectra (Kai et al. 2009).
Characterization of bacterial volatiles encompasses the growth in laboratory cul-
tures where production of diverse volatiles is dependent on the type of media,
amount of aeration, incubation time, and other environmental factors (Nawrath
et al. 2012). A few types of bacterial species are of highly specific interest with
regard to the common adult community-acquired lower respiratory infections.
These include Streptococcus pneumonia and Haemophilus influenzae, both of
which are always present in the upper respiratory tract of healthy individuals
Moraxella (formerly Branhamella). Moraxella catarrhalis is only normally present
in children, frequently causing ear infections, and can be recognized as a contributor
in adult pneumonia (Ramirez and Anzueto 2011). Mycobacterium tuberculosis is
estimated to currently reside in about a third of the world’s population most often
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resulting in a lifelong asymptomatic infection. This becomes of massive importance
for the diagnosis of respiratory disease when these bacteria instead grow to high
levels in the extracellular spaces or cavities in the lung that are caused by a delayed-
type hypersensitivity (DTH) immune response. Reported cases for some species
which cause community-acquired infections such as Burkholderia cepacia and
Pseudomonas aeruginosa are of high interest in terms of the settlement in the lung
causing cystic fibrosis disease which is considered the most common genetically
inherited disease in most countries. Streptococcus pneumoniae is the most common
and important cause of significant lower respiratory tract diseases among healthy
individuals. A recent meta-analysis of patient data points out that it is most likely
that a recent unusual drop in the reported frequency as the causative agent of
community-acquired pneumonia (CAP) is due to a dramatic defeat for identification
of causative agents causing respiratory disease (Bartlett 2011). It appears that none
have yet analyzed the potential contributions of this diverse microbe to human
breath (Hiller et al. 2007). The previous studies showed that successful patient
breath testing for bacterial respiratory infections to date come from the efforts in the
diagnosis of tuberculosis. Diagnosis of M. tuberculosis by breath testing is of great
specific interest as it is only in active disease when bacteria grow in extracellular
spaces within the lung that tuberculosis patients are infectious (Grosset 2003).
If these cases can be efficiently recognized in this way, new cases could be dra-
matically reduced in the remaining high prevalence regions. To our knowledge,
bacterial volatiles and VOCs are limited (Kai et al. 2009). Cultures of Pseudomonas
aeruginosa often have a distinctive “grape-like” odor due to secreting 2-amino-
acetophenone which has demonstrated good potential as a volatile breath marker of
respiratory infection (Scott-Thomas et al. 2010). It is unlikely that breathe volatile
makers originating from bacteria and other causative agents causing respiratory
infection will become mainstream, and reliable indicators of disease until their
metabolic origins and chemical structures are fully defined using isotopes and
laboratory cultures. We also may not find those of actual utility unless we also look
simultaneously at microbes growing in their normal ecological niches. For the
bacteria of high relevance to respiratory infection, these are of course the host cells
and tissues in which they normally reside.

8.11.2 Fungal Volatiles in Respiratory Diagnosis (Lung Infections)

Aspergillus fumigatus causes lung infection through inhaling the spores. It causes
allergic diseases and severe health diseases especially in immunocompromised
patients. Ventilator-associated pneumonia (VAP) is one of the important concerns in
a hospital which can develop in more than 48 h after endotracheal incubation proce-
dure (Chastre and Fagon 2002). It is reasonable that the route of the infection and
also the rate of morbidity and mortality are not constant and are always changeable
among hospitals and patients. It is reasonable that the route of the infection may be
complicated due to the VAP and increase the risk of death in critically ill patients
(Rello et al. 2002). A. fumigatus and Candida sp. may cause invasive infections
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especially in immunocompromised patients. All microbes release characteristic
volatiles because of their metabolic interactions (Wady et al. 2003; Garner et al.
2007). Volatile markers can functionally be used to detect and discriminate different
pathogenic species being exposed or unexposed to different concentrations of anti-
fungal treatments potential for using the qualitative volatile markers excreted by
dermatophytic fungi to distinguish among antifungal treatments when using anti-
fungal and alternative antioxidants (Naraghi et al. 2010). This clarifies that volatile
marker can be used in estimating the performance of antifungal compounds. The
production patterns of volatile can be used to differentiate human pathogenic bacte-
ria (Turner and Magan 2004). To our knowledge, till now, there are not enough
studies to detect if volatile-producing microbes can be used to detect antimicrobials
or novel compounds which could be used as a substitute treatment (Naraghi et al.
2010), while it is possible to distinguish between effective and noneffective concen-
trations of volatile compound from A. fumigatus and their antifungal activity.
Volatile compounds with fingerprints appear to be an auspicious indicator to distin-
guish among treatments. No more studies have been discussed which biomarkers
can be found in fungal cultures when treated with antifungal volatile compounds.
From previous studies, the metabolism of A. fumigatus in low-oxygen conditions in
the tissue of the lung can be studied. They could detect the production of ethanol
when glucose was the sole carbon source indicating that the cultures of A. fumigatus
fungus which is an obligate aerobic has the ability to switch to alcohol fermentation
pathways in the absence of oxygen. Collectively, A. fumigatus can use different
fermentation pathways to grow in hypoxic environment (Willger et al. 2008).
Selected ion flow-tube mass spectrometry (SIFT-MS) techniques can be applied as
biomarkers to get more detailed information about the volatile compounds released
from each microbe in normal conditions and under different stress conditions dur-
ing drug treatments. This could have an important role in distinguishing different
clinical samples by using these data sets to establish models with breath samples
from different patients that should be taken into consideration. To sum up, volatile
fingerprints secreted by human pathogenic disease could be used as a potential tool
to determine whether infections in the lung are caused by bacteria or certain fungi;
this will help us in correct diagnosis of disease and consequently prescription of the
right drug.

8.11.3 The Role of Gut-Derived Volatile Organic Compounds
in the Pathogenesis of Nonalcoholic Steatohepatitis

Microbial volatile organic compounds are secreted in the gut during microbial
metabolism and may get inside the portal circulation and cause toxicity of the liver
which can be one of the reasons for the development of nonalcoholic steatohepatitis.
Recently, nonalcoholic fatty liver disease (NAFLD) is the most prevalent malady
causing severe problems of the liver especially in North America. Also, inflamma-
tion and fibrosis are signs of the occurrence of the disease called nonalcoholic ste-
atohepatitis (NASH), which may be on the long run the reason for liver cirrhosis and
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hepatocellular carcinoma, which is the most common type of liver cancer (Duwaerts
and Maher 2014). Fatty liver disease can evolve into an inflammatory circumstance
and then nonalcoholic steatohepatitis. This process is so complicated and poorly
understood. However, some studies hypothesized that genetic factors may be the
cause of NASH. Moreover, other cellular factors such as the formation of endoplas-
mic reticulum stress and reactive oxygen species (ROS) may help in the advance-
ment of NASH (Tilg and Moschen 2010). The imbalance in the proportion of normal
flora in the gut referred as dysbiosis may be the reason for the development of
nonalcoholic fatty liver disease (NAFLD) and further enhancing nonalcoholic ste-
atohepatitis (NASH). Previous studies confirmed that fecal VOC profiles can be
used to discriminate among cases with nonalcoholic fatty liver disease NAFLD
from healthy ones (Henao-Mejia et al. 2012; Raman et al. 2013). VOCs such as
toxic molecules and ethanol are absorbed from the intestine; this may have offen-
sive influence on the liver cells. On the other hand, the emission and uptake of VOCs
from microbes in the gut may help in the activation of numerous liver enzymes and
affirm the importance of VOC analysis for evaluating the enzyme functions
(Mochalski et al. 2013). Also, analyses of the VOCs from the portal vein in a mouse
model of nonalcoholic steatohepatitis (NASH) represent a novel agent for the iden-
tification of the roles of VOCs in liver disease and subsequently focus on the influ-
ence of metabolites on liver functions during disease outgrowth.

8.12 Conclusion

Microorganisms are one of the most valuable creatures on our planet and play indis-
pensable roles in all daily life activities. They share with us the same community,
but their own lifestyle may be more sophisticated. Thus, the behavior studies of
these intelligent organisms are interesting and come back with a lot of benefit for the
humanity. One of the most interesting microbiological aspects is the microbial vola-
tile organic compounds. MVOCs are fascinatingly dynamic and complexed metabo-
lites produced by different microbes in response to different stimuli, to fulfill
different environmental functions. MVOCs are released during both the primary
and secondary metabolisms. The understanding of biological, ecological, and evo-
lutionary theories of MVOC:s is the main key to maintain the environmental sustain-
ability. While the microbial volatiles exemplify a new frontier in bio-process and in
bio-prospecting, within this review, we described the possible potential roles of
MVOC:s in defense and as unique cellular signals. Also, the MVOCs can be consid-
ered as suitable tools for better productivity and protection of plants, to ensure the
ecological sustainability. In plant defense, MVOCs play a vital role in managing
plant disease with controlling either microbial or insect pathogens as an alternative
way to substitute chemical pesticides which have a remarkable side effect on
health and on environment. Thus, MVOCs can be considered as a promising tool
for biological control and for disease management. Besides, the fungal VOCs are
the key factor in food and flavor industry. On the other hand, bacteria release highly
diverse organic and inorganic volatile metabolites, which can be used in different
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bio-processes. However, more effort for the investigation of MVOCs is needed, and
this will assure the discovery of novel natural products for human exploitation and
will highlight on new theories in fundamental biology.
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Plant Essential Oils for Controlling Plant
Pathogenic Fungi

Riad Sedki Riad EI-Mohamedy

Abstract

Phytopathogenic fungi consider the causal agents of plant diseases than any
other group of plant pathogens, about 8000 species shown to cause many plant
diseases on many crops. Some of the world’s great famines and human suffering
can be blamed on plant pathogenic fungi. The most important natural products
derived from plants are the essential oils (EOs), as it has various biological prop-
erties and medicinal and nutritional uses. Excessive usage of synthetic chemical
fungicides in the environment has increased risks to humans, flora, and fauna in
recent years. Moreover, the development of resistance in species of pathogenic
fungi due to the indiscriminate use of chemical fungicides for controlling plant
pathogenic fungi. Most plant essential oils (EOs) are relatively nontoxic to labo-
ratory animals and fish; they meet the criteria for “reduced risk” pesticides. Many
EOs show a broad spectrum of activity against plant pathogenic fungi and have a
long tradition application in the protection of stored products. Moreover, many
EOs and their constituents are widely used as flavoring agents in foods and bev-
erages. The special regulatory status, combined with the wide availability of EOs
from the flavor and fragrance industries, has made it possible to fast-track com-
mercialization of EO-based pesticides as green pesticides. Such green pesticides
have been received by consumers and companies to be applied against home and
garden field pests; these can also prove effective in agricultural situations, par-
ticularly for organic food production. This chapter provides a review of several
different aspects relating to plant essential oils (EOs) including a historical per-
spective, main sources and antifungal activity, bioactive single constituents of
EOs and their modes of action, and, moreover, the chemical measures necessary
for controlling plant pathogens and their negative impact on human health and/
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or the environment. This chapter also reviews the different sources of plant
essential oils. The antimicrobial activity of EOs, with particular emphasis on the
antifungal properties exhibited against some serious pathogenic fungi and post-
harvest disease, is reviewed. Moreover, various antimicrobial tests and tech-
niques are included.

Keywords
Essential oil « Antifungal activities ® Fungal diseases ¢ Control

9.1 Introduction

The plant pathogens such as fungi, nematodes, bacteria, and viruses cause many
diseases and damages in economic crops and plants. Fungi considered the main
pathogens and caused yield losses in numerous economically important crops.
During the recent years, the environmental problems caused by overuse of fungi-
cides have been the matter of concern for both scientists and public in many coun-
tries. Pesticides including fungicides used on crops each year for controlling plant
have been estimated about 2.5 million tons. The worldwide damage caused by pes-
ticides reaches $100 billion annually. The reasons for these damages are due to the
high toxicity, no biodegradable properties of pesticides and the residues in soil,
water resources, and crops that affect public health. Thus, scientists search the new
highly selective and biodegradable pesticides, study the environmentally friendly
pesticides, and develop techniques that can be used to reduce pesticide usage while
maintaining crop yields. Many natural product derivatives from organisms of such
plants are excellent alternatives and substitutes to synthetic pesticides as safe means
to reduce negative impacts to human health and the environment.

Plant essential oils (EOs) of many plants showed a wide spectrum of antifungal
against many plant pathogenic fungi. EOs are typically liquid at room temperature
and get easily transformed from a liquid to a gaseous state at room or slightly higher
temperature without undergoing decomposition. The amount of essential oil found
in most plants ranges from 1.0 to 10.0. In certain plants, one main essential oil con-
stituent may predominate, while in others, there are many terpenes. The basil plants
(Ocimum basilicum) contain methyl chavicol up to 75%, and p-asarone amounts up
to 70-80% of the oil. Meanwhile, the rhizomes of Acorus calamus plants contain
linalool in the range of 50-60% (Lawrence and Reynolds 2001). Most plant essen-
tial oils (EOs) comprise of monoterpenes — compounds that contain 10 carbon
atoms often arranged in a ring or in acyclic form — as well as sesquiterpenes which
are hydrocarbons comprising of 15 carbon atoms. The higher terpenes in EOs may
also be present as minor constituents. The most predominant groups of terpenes are
cyclic compounds with saturated or unsaturated hexacyclic or an aromatic system.
The another components of essential oils are bicyclic (1,8-cineole) and acyclic (lin-
alool, citronellal) (Koul et al. 2008).
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Plant essential oils (EOs) have several applications in the manufacture of per-
fumes, cosmetics, and soaps as well as food industry. Application of many plant
essential oils as alternative antimicrobial agents for replacing chemical treatments
has attracted considerable interest from the postharvest scientists especially in
recent years, as many of EOs and their single constituents have been reported to
inhibit postharvest pathogenic fungi. Bioactivity in the vapor phase of essential oils
was recognized as a characteristic that makes them attractive for use as possible
fumigants for the protection of stored product (Crespo et al. 1990; Adam et al.
1998).The fungitoxic activity of essential oils may be due to synergism among their
components, since most of this activity has been reported to be enhanced when
combined (Adam et al. 1998; Tullio et al. 2007).

9.2 Chemical Control of Plant Pathogenic Fungi

The chemical disease control employs the use of many commercial chemicals
agents such as fungicides and antibiotics that are generally toxic to pathogens and
characterized by their specific effect. These chemical agents must be effective and
act safely, without harming any live organism and must also have minimal or no
effect on the environment, microflora, and soil. Generally, commercial chemical
fungicides are used in the control of fungal diseases on many crops. Recently, grow-
ing public concern over the health and environmental hazards associated with the
increased levels of chemical pesticides has led to the development of safe, alterna-
tive, and natural methods of disease control (Lopez-Reyes et al. 2013). Throughout
the 1980s and 1990s, public concern about the use of agricultural chemical pesti-
cides grew as a result of the high risk of poisoning to all living organisms, beneficial
microflora and microfauna, and the contamination of food products. The risk from
chemical pesticides is due to the possibility that they may be absorbed through the
skin and inhaled or ingested through consumption of contaminated plants. To over-
come the risks of chemical pesticides, some roles should be taken with respect to the
handling of the chemicals and the management of agriculture practices. Many coun-
tries over the world have already started educational programs for farmers to reduce
the overuse of chemical pesticides and hence increase the productivity of several
economic crops. Up to date, there has been a great interest in the use of essential oils
and plant extracts as possible natural substitutes for conventional synthetic
pesticides.

9.3 The Plant Essential Oils

The essential oils (EOs) are defined as any volatile oil(s) that have strong aromatic
components and that give distinctive odor, flavor, or scent to a plant. EOs are the
by-products of plant metabolism and are commonly referred to as volatile plant
secondary metabolites. The EOs are found in glandular hairs or secretory cavities of
plant cell wall and are present as droplets of fluid in the leaves, stems, bark, flowers,
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roots, and/or fruits in different plants. The aromatic characteristics of essential oils
provide various functions for the plants including (1) attracting or repelling insects,
(2) protecting themselves from heat or cold, and (3) utilizing chemical constituents
in the oil as defense materials. Most plants contain essential oils ranging from 1 to
2%, but some plants contain amounts ranging from 0.01 to 10%. In Ocimum basili-
cum (basil), for example, methyl chavicol makes up 75% of the oil, p-asarone
amounts to 70-80%, and Acorus calamus rhizomes contain linalool range of
50-60% (Lawrence and Reynolds 2001). Most plant essential oils comprise of
monoterpenes — compounds that contain 10 carbon atoms often arranged in a ring
or in acyclic form — as well as sesquiterpenes which are hydrocarbons comprising
of 15 carbon atoms. In some EOs, higher terpenes may also be present as minor
constituents. The most predominant terpenes are cyclic compounds with saturated
or unsaturated hexacyclic. Also, bicyclic (1,8-cineole) and acyclic (linalool, citro-
nellal) examples also make the components of essential oils. Most EOs play a role
in plant defense mechanisms acting against phytopathogenic microorganisms
(Pandey et al. 1982; EI-Mohamedy et al. 2002; EI-Mohamedy 2003; Chuang et al.
2007; Ping-Hsien et al. 2007).

94 Sources of Plant Essential Oils (EOs) Have
an Antifungal Activity

Many scientific investigations have highlighted the importance and the contribution
of many plant families, such as Asteraceae, Liliaceae, Apocynaceae, Solanaceae,
Caesalpiniaceae, Rutaceae, Piperaceae, Sapotaceae, etc., that are used as medicinal
plants. The antifungal activity of EOs can be attributed to the presence of some
components such as carvacrol, a-terpinyl acetate, cymene, thymol, pinene, and lin-
alool which are already known to exhibit antimicrobial activity against many micro-
organisms (Knobloch et al. 1985; Cimanga et al. 2002; EI-Mohamedy 2003).
Several in vitro studies have been published confirming the effect of essential oil
and their major compounds on plant and human pathogenic fungi. The antifungal
activity of essential oil derivatives from the plants of such families is summarized
below.

9.4.1 Family Lamiaceae

Sage and oregano are considered to be the main genus among the Lamiaceae family.
The antifungal and antibacterial activity of oregano essential oil against a number of
plant pathogens such as Aspergillus niger v. Tieghem, A. flavus Link, A. ochraceus
Wilhelm, Fusarium oxysporum Snyder and Hansen, Penicillium sp. L., Pseudomonas
aeruginosa Schroter, Staphylococcus aureus, F. solani var. coeruleum (Martius)
Saccardo, Clavibacter michiganensis S., Phytophtora infestans Mont., Sclerotinia
sclerotiorum Lib., and Xanthomonas vesicatoria has been reported by Juven et al.
(1994). Thyme (7. capitatus Hoffm. and Link) belongs to the genus Thymus of the
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mint family (Lamiaceae) and is a relative of the oregano genus. Thyme essential oil
displayed antifungal activity in stored foods and inhibited the growth of both B.
cinerea and Monilinia fructicola; also EO of T. vulgaris showed antifungal activity
against some postharvest pathogens such as B. cinerea, P. italicum, P. citrophthora,
Rhizopus stolonifer, Fusarium oxysporum radicis-lycopersici, F. oxysporum lycop-
ersici, F. solani, Rhizoctonia solani, Sclerotium rolfsii, Macrophomina phaseolina,
Pythium sp., and Phytophthora sp. (El-Mohamedy et al. 2013). Essential oils of
Majorana hortensis (family Lamiaceae) showed antifungal activity against P.
citrophthora, R. stolonifera, C. acutatum, and B. cinerea and antibacterial activity
against two strains of G+ (Bacillus megaterium and C. michiganensis) and five
strains of G— (Escherichia coli, X. campestris, B. mojavensis, P. savastanoi, and P.
syringae pv. phaseolicola).

9.4.2 Family Magnoliaceae

Magnolia is a large genus of about 210 flowering plant species in the family
Magnoliaceae. Under field conditions, the essential oil of M. liliiflora showed a
potential antifungal effect against P. capsici, and this activity could be attributed to
its constituents: o-terpineol, a-bourbonene, f-caryophyllene, 2-f-pinene,
a-humulene, farnesene, and caryophyllene oxide components (Cimanga et al.
2002). Also, M. liliiflora essential oil showed potential in vitro and in vivo antifun-
gal effects against B. cinerea, Colletotrichum capsici (Syd.) E.J. Butler and Bisby,
F. oxysporum Snyder and Hansen, Fusarium solani, P. capsici Leonian, Rhizoctonia
solani (Cooke) Wint., and S. sclerotiorum (Cimanga et al. 2002).

9.4.3 Family Asteraceae

The plants in Asteraceae are medically important in areas that don’t have access to
Western medicine. The antifungal activity and chemical composition of the EOs
from the most aromatic plants belonging to Asteraceae family have been investi-
gated (Odom et al. 2000). The essential oil of flower heads of garland chrysanthe-
mum (Chrysanthemum coronarium L.) clearly showed the strongest inhibition
against the growth of 12 agricultural plant pathogens (Alvarez-Castellanos et al.
2001). The main compounds of such oil were camphor, a- and B-pinene, and lyratyl
acetate. In addition, the essential oils (EOs) from three Artemisia species, i.e.,
Artemisia absinthium L., A. santonicum L., and A. spicigera C. Koch, had antifun-
gal activity potent against many plant pathogenic fungi (Govinden-Soulange et al.
2004; Kordali et al. 2005). Romagnoli et al. (2005) noted that the essential oil of
Tagetes patula L. exerted antifungal activity against phytopathogenic fungi, Botrytis
cinerea and Penicillium digitatum, providing complete growth inhibition.
Chrysactinia mexicana Grag essential oil caused completely inhibited growth of
Aspergillus flavus (Cardenas et al. 2005). Meanwhile EO from Helichrysum itali-
cum (Roth) Don plants was active against Pythium ultimum (Tundis et al. 2005).



176 R.S.R. EI-Mohamedy

Essential oil derivatives from Arnica longifolia, Aster hesperius, and Chrysothamnus
nauseosus showed antifungal activity against three Colletotrichum species (Demirci
et al. 2006; Altintas et al. 2006; Nurhayat et al. 2007).

9.4.4 Family Rutaceae

Rutaceae is commonly known as the rue or citrus family. The essential oil from the
epicarp of Citrus sinensis (L.) Osbeck exhibited absolute fungitoxicity against
many phytopathogenic fungi such as Curvularia lunata, Fusarium oxysporum,
Botrytis cinerea, Penicillium digitatum, and P. itilicum (Al-Burtamani et al. 2005;
El-Mohamedy 2003). The most abundant citrus oil components were a- and
B-phellandrene, limonene, p-ocimene, p-caryophyllene, and myrcene. EOs from
Citrus limon (L.), C. paradise, and C. sinensis showed antifungal activities against
five phytopathogenic fungi (Saikia et al. 2001; Sun et al. 2007). In this respect,
Pitipong et al. (2009) noted that bergamot (Citrus hystrix DC.). EO shows the antag-
onistic activity against seven species of economically important rice pathogenic
fungi Alternaria brassicicola, Aspergillus flavus, Bipolaris oryzae, Fusarium
moniliforme, F. proliferatum, Pyricularia arisea, and Rhizoctonia solani.

9.4.5 Family Liliaceae

Many plants in the Liliaceae are important ornamental plants, are widely grown for
their attractive flowers, and are native primarily to temperate and subtropical
regions. The essential oils (EOs) from Allium fistulosum L., A. sativum L., and A.
cepa L. showed strongly antifungal activities against three Trichophyton species
responsible for severe mycoses in humans and many phytopathogenic fungi on may
economic crops. A. sativum oil exhibited the strongest inhibition of growth in 7.
rubrum with an IC50 value of 61 pg/ml, while A. cepa and A. fistulosum were rela-
tively mild (Singh and Rai 2000).

9.4.6 Family Lamiaceae

The most members of this family are useful economically for medicinal, culinary,
ornamental, and various commercial utilizations. In the previous studies on the
essential oils of many Lamiaceae, Baratta et al. (1998) recorded that the EOs from
plants of family Lamiaceae have a broad range of biological activities, notably their
antimicrobial potency; this activity is generally correlated to the chemical composi-
tion of the oil. The biological activities difference between EOs can be attributed to
the variation in their chemical composition. The antifungal activity in oil of Ocimum
sanctum L. plants against pathogenic fungi was recoded; also, EO of Ocimum basi-
licum L. is known for its wound healing property and, hence, is used in the treatment
of fungal infections. The major component of this oil was linalool (Sunita and
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Mahendra 2008). Essential oil of Ocimum gratissimum L. showed fungicidal activ-
ity against many Candida species such as Candida albicans, C. krusei, C. parapsi-
losis, and C. tropicalis (Nakamura et al. 2004; Hili et al. 1997). Lis-Balchin and
Deans (1997) found that the essential oils from many species of the Ocimum genus,
such as basil (Ocimum micranthum Willd.), showed antifungal activity against
many pathogenic and food spoiling yeasts.

Essential oils of Nepeta crispa Willd. exhibited a noticeable antifungal activity
against many pathogenic fungi. The main constituents were 1,8-cineole and 4a,7o-
abetanepetalactone (Sonboli et al. 2004). Salgueiro et al. (2004) noted that the
essential oil of Thymbra capitata (L.) showed antifungal activity against Candida,
Aspergillus, and dermatophyte strains. Meanwhile, essential oil of Thymus daenen-
sis Celak., Zataria multiflora Boiss., and Thymbra spicata L. had antifungal activi-
ties against A. flavus and A. parasiticus. These oils exhibited antifungal activity
against all the strains tested, particularly for dermatophytes, with IC50 values rang-
ing from 0.08 to 0.32 pg/ml. These oils contain carvacrol type with a high content
of carvacrol and its biogenetic precursors, y-terpinene and p-cymene. Thus, the
plant essential oils are potentially safe source of antifungal agents. The essential oils
of some Thymus species showed antimicrobial activity against viruses, bacteria,
food-derived microbial strains, and fungi; these EOs possess large quantities of phe-
nolic monoterpenes (Rasooli et al. 2006).

Sage (Salvia officinalis L.) and lavender (Lavandula angustifolia Mill.) have
always been used to treat various skin diseases and as cosmetic products for skin
care (Lecha et al. 2005; Andrews and Burns 2008). The efficacy of essential oils of
lavender and sage can be explained by the high content of 1,8-cineole, which is
capable of changing the structure and moisture of mucous membranes of fungal
cells, interfering with the respiratory processes, and therefore comes to the elimina-
tion of pathogens (Andriole 1994; Gupta et al. 2003). Gupta et al. (1999) recorded
that the presence of limonene and 1,8-cineole, which can influence on the changing
structure of the lipid layer, the stratum corneum, increased permeability of the epi-
dermis, and stratum corneum human, also may be one of the reasons for the good of
the essential activities in vivo. The major compounds in the essential oil were
a-pinene, borneol, camphene, camphor, verbenone, and bornyl acetate.

In addition, Angioni et al. (2004, 2006) noted that essential oils from the stems,
leaves, and flowers of Lavandula stoechas L. were effective on the inactivation of
Rhizoctonia solani and Fusarium oxysporum and less effective against Aspergillus
Sflavus. The essential oil of rosemary (Rosmarinus officinalis L) showed an inhibi-
tory effect toward F. graminearum and exhibited an intermediate antifungal activity
(MIC = 1.10 mg/mL) against C. albicans (Dalleau et al. 2007).

Essential oils from several species of the Lamiaceae family, Satureja montana
L., Lavandula angustifolia, L. hybrida Reverchon, Origanum vulgare L., Rosmarinus
officinalis L., and six chemotypes of Thymus vulgaris L showed antifungal effect on
Candida albicans growth. The greatest efficiency was obtained with the essential oil
from the T. vulgaris (IC50 of 0.016 pg/ml). Lavender oil (L. angustifolia) and its
main components, linalool and linalyl acetate, showed antifungal activity against 50
clinical isolates of Candida albicans (oropharyngeal and vaginal strains) (D’ Auria
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et al. 2005). Also, O. vulgare oil alone inhibited many phytopathogenic fungi. The
main constituents of such oil were carvacrol, p-cymene, and thymol; these com-
pounds had high-potential activities against many pathogens, with carvacrol and
thymol as strong inhibitors of B. cinerea in vitro (Bouchra et al. 2003; Holly and
Patel 2005; Bozin et al. 2006). Skovic et al. (2002) reported that the highest and
broadest activity was shown by the carvacrol containing oils such as O. onites and
S. thymbra. Pina-Vaz et al. (2004) found that p-cymene, a constituent of O. vulgare
oil, showed synergistic activity with thymol against fungi.

The essential oils (EOs) from Origanum vulgare L., Thymus serpyllum L.,
Thymus vulgaris, Lavandula latifolia Medik., L. angustifolia., and T. vulgaris
showed antifungal activities against 7. mentagrophytes using vapor phase test
(Inouye et al. 2006). The effective tested oils inhibited the fungal growth due to the
presence of phenolic compounds, namely, thymol and carvacrol (Tullio et al. 2007).
The mint essential oil was found to have strong antimycotic activity against Candida
albicans and dermatophytes (Kishore et al. 1993). Essential oils (EOs) of Mentha
arvensis L, Mentha piperita L., and T. vulgaris showed strongly antifungal activity
against mycotoxin producers Aspergillus flavus and A. parasiticus. Menthol and
thymol are the major components of such essential oils (Farag et al. 1989; Rath
et al. 2001).

Essential oil from the aerial parts of Salvia mirzayanii Rech had antifungal
against Fusarium solani and Candida albicans. The inhibitory effect of the oil
increased when the concentration was increased. The major components were lin-
alool, linalyl acetate, a-terpinyl acetate, 1,8-cineole, a-cadinol, and d-cadinene. The
antimicrobial activity of such oil against pathogens could be attributed to the high
amount of major components such as 5-neocedranol, a-terpinyl acetate, 1,8-cineol,
bicyclogermacrene, and a-cadinene and other valuable components in oil (Patker
et al. 1993; Sinha et al. 1993; Pattnaik et al. 1996; Paster et al. 1995; Chao and
Young 2000; Portillo et al. 2005).

9.4.7 FamilyVerbenaceae

Verbenaceae is a family of mainly tropical flowering plants. Some of the medicinal
and aromatic plants have been reported to be anti-infectious agents. Viljoen et al.
(2005) noted that the essential oil from oregano (Lippia berlandieri Shauer) study
showed antifungal activity of versus food-contaminant fungi. Also, Tzasna et al.
(2008) reported the antimicrobial activity of Lippia javanica (Burm. f.) leaf essen-
tial oil against some pathogenic fungi. In addition, the essential oils (EOs) of
Lantana achyranthifolia Desfaerial parts and Lippia graveolens Kunth showed
highly inhibitory effect on the growth of Fusarium sporotrichum, Aspergillus niger,
Trichophyton mentagrophytes, and Fusarium moniliforme. Meanwhile, L. graveo-
lens presented higher antifungal activity than L. achyranthifolia (Simic et al. 2004).
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9.4.8 Family Lauraceae

The Lauraceae are the laurel family of flowering plants some of which are valued
for spices and perfumes. The most plants of Lauraceae contain high concentrations
of essential oils. Essential oils of several plants from the Lauraceae family such as
Aniba rosaeodora Ducke, Laurus nobilis L., Sassafras albidum (Nutt.) Nees, and
Cinnamomum zeylanicum Blume had antifungal activity against 17 micromycetes,
i.e., food poisoning and food spoilage fungi, plant pathogenic fungi, and animal
pathogens (Wang et al. 2005). The essential oil of C. zeylanicum showed the stron-
gest antifungal activity. Another antifungal Cinnamomum species is Cinnamomum
osmophloeum Kaneh which has significant antifungal activity against wood decay
fungi (Jantan et al. 2008).

Sirirat et al. (2009) and Sessou et al. (2012) demonstrated that C. zeylanicum
bark oil has fungitoxic properties against fungi involved in respiratory tract myco-
ses, such as A. niger, A. fumigatus, A. nidulans, and A. flavus (Singh et al. 1995).
Cinnamon oil exhibited strong inhibitory effects on Botrytis cinerea. It completely
suppressed the mycelial growth of fungus. Essential oil of Ocimum gratissimum
(L.) had significant fungistatic activity against all the species investigated (Prajapati
2012). Penicillium species and Fusarium poae were the most sensible to this essen-
tial oil. Furthermore, the biological activity of this oil is probably due to its promi-
nent concentration in thymol, which is a phenolic compound. Generally, the
essential oils possessing the strongest antimicrobial properties against food-borne
pathogens contain a high percentage of phenolic compounds such as carvacrol,
eugenol (2-methoxy-4-(2-propenyl) phenol), and thymol (Lambert et al. 2001;
Ahonkhai et al. 2009). An important characteristic of thymol is its hydrophobicity,
which enables it to partition in the lipids of the fungal cell membrane, disturbing the
structures and rendering it more permeable so leakage of ions and other cell con-
tents can then occur (Lambert et al. 2001; Cheng et al. 2004). Hong et al. (2004)
assessed antifungal activities of essential oil of O. gratissimum against different
food-borne pathogens, and they reported that volatile oil of O. gratissimum had
significant antimicrobial effects against all tested fungi and bacteria. The main com-
ponent in the essential oil of A. rosaeodora was linalool, while 1,8-cineole was
dominant in L. nobilis. The major component in S. albidum essential oil was safrole,
but the trans-cinnamaldehyde is the main component of the oil of C. zeylanicum.

9.4.9 Family Cupressaceae

Many plants that belong to Cupressaceae family are recognized for its natural resis-
tance to decay due to high content of natural essential oils. Calocedrus formosana
florin leaf essential oil CLE constituents displayed activity against many decay
fungi, namely, Lenzites betulina, Pycnoporus coccineus, Trametes versicolor, and
Laetiporus sulphureus. Two compounds, a-cadinol and murolol, exhibited the
strongest antifungal activity (Cavaleiro et al. 2006). The antifungal activity of essen-
tial oils from Chamaecyparis obtusa (Siebold and Zucc.) and Juniperus communis
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L. was achieved against dermatophyte, Aspergillus and Candida strains. The main
component was bornyl acetate (Singh 2001; Singh et al. 2004).

9.4.10 Family Apiaceae

Many plants of family Apiaceae (parsley family) have been used as a folk medicine
(Nigam and Rao 1977). Essential oil of ajwain Trachyspermum ammi (L.) exhibited
a broad spectrum of against many fungitoxic fungi such as Aspergillus niger,
Fusarium moniliforme, and Curvularia lunata. The zone inhibition was obtained at
a 6 pl dose of the such oil. The antifungal of such oil attributed to the major compo-
nent, thymol, p-cymene, y-terpinene, -pinene, and terpinen-4-ol. The essential oil
of Cuminum cyminum L. showed high antifungal activity against Aspergillus
(Tacobellis et al. 2005; Sunita and Mahendra 2008). -Pinene, y-terpinene, and cum-
inaldehyde were the main constituents; both P-pinene and y-terpinene clearly
showed antifungal activity against many pathogenic fungi (Patra et al. 2002;
Kawther 2007). The antimicrobial (antimycobacterial and anticandidal) properties
of essential oils from dill plants (Anethum graveolens L.) and fennel (Foeniculum
vulgare Mill) against many pathogens such as Aspergillus niger, A. flavus, A. fumig-
atus, A. ustus, Candida albicans, Epidermophyton floccosum, Microsporum canis,
M. audouinii, M. nanum, M. gypseum, Rhizopus nigricans, Trichophyton tonsurans,
and T. violaceum have been reported by many investigators (Shabnam et al. 2012).
The fennel oil causes higher inhibition against many phytopathogenic such
Alternaria alternata, Fusarium oxysporum, Aspergillus flavus, and A. parasiticus
(Aggarwa et al. 2000). The antifungal effects are directly related to its main compo-
nent trans-anethole of essential oil of fennel. Shabnam et al. (2012) noted that the
essential oils of fennel plant roots, stem, leaves, and seeds clearly showed antican-
didal activity against C. albicans and C. tropicalis. The main compounds of essen-
tial oil from aerial parts of Bupleurum gibraltaricum Lamarck were sabinene,
a-pinene, and 2,3,4-trimethyl benzaldehyde; such compounds or crude oil had
strongly antifungal active toward Plasmopara halstedii (Komiya et al. 2006).

9.4.11 Family Poaceae

The family Poaceae still constitutes the most economically important plant oils.
These plant oils are important source of fungitoxic compounds, and they provide a
renewable source of useful fungicides that can be utilized in antimycotic drugs
against Aspergillus fumigatus and A. niger. There are different degrees of antifungal
activity between Cymbopogon martini (Roxb.) Wats. and Cymbopogon citratus
(DC.), the maximum antimycotic activity shown by C. martini (Sunita and Mahendra
2008; Ewansiha et al. 2012).

Essential oils from C. citratus had antifungal activities against some phytopatho-
genic fungi (Cladosporium sp., Aspergillus niger, and Mucor) at lower concentra-
tions (Sun et al. 2007). EO from C. martini was more effective against Candida sp.,
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Aspergillus fumigatus, and Trichophyton rubrum compared with the EO of C.
citrates. Essential oil derivatives from C. citratus confirm the activity against many
microorganisms (Akiyama et al. 2001). Lemongrass essential oil was found to be
active against human dermatophyte strains such as C. albicans (Fernanda et al.
2012; Singh et al. 2005b).

9.4.12 Moringaceae

Moringa that is the genus in Moringaceae contains 13 species from tropical and
subtropical climates that range in size from tiny herbs to massive trees. Several
in vitro studies have been published confirming the effect of essential oil and their
major compounds on dermatophytic fungi as well as phytopathogenic fungi. The
ethanol extracts of many plants of Moringaceae showed antifungal activities in vitro
against many dermatophytes such as Trichophyton rubrum, T. mentagrophytes,
Epidermophyton floccosum, and Microsporum canis. Moringa seed oil has antifun-
gal activities against many phytopathogenic fungi.

In this respect, EI-Mohamedy and Aboelfetoh (2014) noted that seed oil and seed
extract of Moringa oleifera showed antifungal activities against seven plant patho-
genic fungi, i.e., Fusarium oxysporum, Fusarium solani, Alternaria solani,
Alternaria alternata, Rhizoctonia solani, Sclerotium rolfsii, and Macrophomina
phaseolina in vitro. They also recorded that seed extracts and oil of Moringa oleif-
era significantly reduced linear growth, spore germination, and dry growth weight
of such pathogens. Oil and seed extract of M. oleifera had different degrees of inhi-
bition against growth rate and spore germination of such pathogens. Moringa oil at
a concentration of 2.0% showed the highest records of reduction on both growth and
spore germination. M. oleifera oil and seed extract caused highly reduction in
growth of F. oxysporum, F. solani and A. solani, A. alternata than R. solani, S. rolf-
sii, and M. phaseolina. El-Mohamedy and Aboelfetoh (2014) noted that seed extract
and Moringa oil may be recommended as a bio-fungicide against many fungal
pathogens.

9.4.13 Family Zingiberaceae

This family consists of flowering plants and aromatic perennial herbs. There are
many species of Zingiberaceae which are important ornamental or medicinal plants.
The essential oils of ginger (Zingiber officinale Roscoe) showed antifungal activity
against many mycotoxin producers such as Aspergillus flavus and A. parasiticus.
Zingiberene is the major component in ginger oil and showed low antifungal activ-
ity on the mycelial growth of A. flavus and F. oxysporum (Farag et al. 1989; Pandey
etal. 2010). The essential oil of Curcuma longa L. and their major components such
as terpinolene, a-phellandrene, and terpinene-4-ol have significant antifungal activ-
ity against wood decay fungi (Apisariyakul et al. 1995; Jantan et al. 2008; Saha and
Bhupendar 2011). Bark oil C. zeylanicum has fungitoxic properties against fungi
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involved in respiratory tract mycoses, such as A. niger, A. fumigatus, A. nidulans,
and A. flavus. The antifungal activity of the bark and leaf oils of C. zeylanicum was
correlated with the high levels of cinnamaldehyde (44.2%) and eugenol (90.2%).
Meanwhile, the high amounts of benzyl benzoate (>50%) in the leaf oils of Curcuma
rhynchophyllum, C. microphyllum, C. pubescens, C. impressicostatum, and C. moll-
issimum were responsible for selective toxicity against many dermatophytes (Singh
et al. 1995). Montes-Belmont and Carvajal (1998) and Lee et al. (2007) demon-
strated that cinnamon oils has inhibitory effect against the growth and aflatoxin
production by A. flavus. Also, Sirirat et al. (2009) and Sessou et al. (2012) noted that
cinnamon oil exhibited strong inhibitory effects against Botrytis cinerea. Essential
oil of Ocimum gratissimum (L.) had significant fungistatic activity against
Penicillium species and Fusarium poae; the fungicidal activity of this oil is attrib-
uted to the prominent concentration of thymol, which is a phenolic compound
(Prajapati 2012). The essential oils possessing the strongest antimicrobial activities
of many against food-borne pathogens contain a high percentage of phenolic com-
pounds such as carvacrol, eugenol (2-methoxy-4-(2-propenyl, phenol), and thymol
(Lambert et al. 2001; Ahonkhai et al. 2009). Thymol is hydrophobic, which enables
it to partition in the lipids of the pathogenic fungal cell membrane, disturbing the
structures and rendering it more permeable so leakage of ions and other cell con-
tents can then occur (Lambert et al. 2001; Cheng et al. 2004). In addition, essential
oil of O. gratissimum had significant antimicrobial effects against many pathogenic
food-borne pathogens (fungi and bacteria) (Hong et al. 2004).

9.4.14 Family Ranunculaceae

Many plants of Ranunculaceae are used as herbal medicines because these plants
contain high amount of alkaloids and glycosides. For example, the oil extract from
Nigella sativa L. plants showed antimicrobial effect against Candida albicans under
in vitro and in vivo conditions (Aggrawal et al. 1979; Hanafy and Hatem 1991;
Khan et al. 2003; Mashhadian and Rakhshandeh 2005). Also, Amrouche et al.
(2011) noted that such volatile oil had the strongest antifungal activity against
Aspergillus species. Singh et al. (2005a, b) and Al-Jabre et al. (2005) found that seed
oil of N. sativa prevents the mycelial growth of A. flavus as 6.0 pl/ml of such oil
exhibited 73.3% growth reduction of the pathogen. Essential oil of N. sativa con-
tains high amount of thymoquinone that is believed to be the responsible constituent
to antifungal activity as 2 pg/ml concentration of thymoquinone resulted in 100%
growth inhibition in A. niger (Zhang et al. 2006).

9.4.15 Family Theaceae
The family Theaceae contains many flowering plants, composed of shrubs and

trees. The essential oils from Camellia sinensis (L.) Kuntze showed antifungal
potential against many pathogenic fungi. Many workers showed that extracts and
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essential oils of the tea tree plant have the antimicrobial activity against many
pathogenic fungi (Hili et al. 1997; Lis-Balchin and Deans 1997). The essential oils
of tea tree exhibited an intermediate antifungal activity (MIC = 2.25 mg/mL) against
C. albicans (Singh et al. 1980; Dalleau et al. 2007). Also, the oils of Melaleuca
alternifolia plants had antagonistic activity against many species of economically
important rice pathogenic fungi, namely, Rhizoctonia solani, Aspergillus flavus,
Bipolaris oryzae, Fusarium moniliforme, F. proliferatum, Pyricularia arisea, and
Alternaria brassicicola (Saikia et al. 2001; Pitipong et al. 2009).

9.4.16 Family Meliaceae

The family Meliaceae includes many flowering plants, mostly trees and shrubs with
an economically importance, most of them used for vegetable oil, soap making, and
insecticides. The plant oils from many plants of this family Meliaceae are important
sources for fungitoxic compounds, and they may provide a renewable source of use-
ful fungicides; these compounds also can be utilized in antimycotic drugs against
Aspergillus fumigatus and A. niger. The most common tree of this family is neem
tree. In this respect, Kazmi et al. (1995), Locke (1995), Sunita and Mahendra (2008)
and Sukatta et al. (2008) demonstrated that neem Azadirachta indica (L.) Adelb oil
at 2-10% completely suppressed the pathogenic fungi, i.e., Alternaria alternata,
Aspergillus niger, and Fusarium oxysporum.

9.4.17 Family Myrtaceae

The family Myrtaceae or (myrtle family) includes many species of woody plants
with essential oils. The oils from Syzygium aromaticum (L.) Merrill and Perry
exhibited strong inhibitory effects with complete inhibition of mycelia growth of
Botrytis cinerea (Sirirat et al. 2009; Sessou et al. 2012). Martini et al. (1996) showed
that mixing of clove oil and cinnamon oils at appropriate ratios results in an improve-
ment of the efficacy against Phomopsis viticola, Aspergillus niger, Alternaria alter-
nata, Colletotrichum gloeosporioides, Lasiodiplodia theobromae, and Rhizopus
stolonifera the major postharvest decaying fungi of grapes. Also, Azzouz and
Bullerman (1982) and Eugenia et al. (2009) found that the clove oil and its main
component eugenol had antifungal activity against Candida, Aspergillus, and
dermatophyte.

In general, phenolic components of the essential oils are considered as responsi-
ble for the antimicrobial activity, followed by aldehydes, ketones, and alcohols
(Shelef 1983; Akgul 1989; Burt 2004). Different modes of action are involved in the
antimicrobial activity of essential oils. The activity of clove oil can be related to the
presence of a high concentration (85.3%) of eugenol. Such activity of this oil may be
due to their hydrophobicity, responsible for their partition into the lipid bilayer of the
cell membrane, leading to permeability alteration and a consequent leakage of cell
contents. Moreover, Lambert et al. (2001) noted that essential oils can travel through
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the cell wall and cytoplasmic membrane, disrupt the structure of the different layers
of polysaccharides, fatty acids, and phospholipids, and permeabilize them.

Clove oil significantly suppressed the growth A. fumigatus and A. aculeatus.
Meanwhile, the essential oil of Leptospermum petersonii Bailey showed strong
antifungal activities against mycotoxins producing fungi, i.e., Aspergillus ochra-
ceus, A. flavus, and A. niger (Eunae and Kwon 2012). The major constituents of
clove oil are citronellal, neral, and geranial; these compounds show antifungal activ-
ity against various dermatophytes, such as Microsporum canis, Trichophyton men-
tagrophytes, and Microsporum gypseum (Park et al. 2007).

9.4.18 Family Piperaceae

The family Piperaceae or pepper family includes many small trees, shrubs, or herbs.
Most plants are used as spices. For example, the essential oils from fruits of Piper
barberi Gamble showed antifungal activity against Aspergillus foetidus, A. fumi-
gates, A. ochraceus, A. flavus, and Penicillium notatum. Also, Raju and Maridass
(2011) found that Piper nigrum L. volatile oils show antifungal activities against
Fusarium graminearum (Singh et al. 2004a, 2005a).

9.5 The Antifungal Activity of Plant Essential Oil and Their
Constituents

The essential oils (EOs) are complex mixtures of natural organic compounds which
are predominantly composed of terpenes (hydrocarbons) such as pinene, myrcene,
terpinene, limonene, p-cymene, and phellandrene; terpenoids (oxygen-containing
hydrocarbons), i.e., acyclic monoterpene alcohols (geraniol, linalool) and monocy-
clic alcohols (menthol, 4-carvomenthenol, terpineol, carveol, borneol); aliphatic
aldehydes (citral, citronellal, perillaldehyde); aromatic phenols (carvacrol, thymol,
safrole, eugenol); bicyclic alcohol (verbenol); monocyclic ketones (menthone, pule-
gone, carvone); bicyclic monoterpenic ketones (thujone, verbenone, fenchone); and
acids (citronellic acid, cinnamic acid) and esters (linalyl acetate).

Some of the essential oils (EOs) contain oxides such as (1,8-cineole), sulfur-
containing constituents, methyl anthranilate, coumarins, zingiberene, curcumene,
farnesol, sesquiphellandrene, turmerone, and nerolidol.

The chemical structures of some of the essential oils are shown in Fig. 9.1; many
essential oils possess potent biological activity and are responsible for the bitter
taste and toxic properties. The toxicity of some essential oil compounds is presented
in Table 9.1.

The antifungal activities of certain essential oils and/or their constituents have
been investigated and showed effective against many plant pathogenic fungi such
as Botrytis cinerea and Monilinia fructicola (Alviano et al. 2005; Arshad et al.
2014); Rhizoctonia solani, Fusarium moniliforme, Sclerotinia sclerotiorum, and F.
oxysporum (Taso and Zhou 2000); Cymbopogon nardus (Al-jafari et al. 2011);
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Table 9.1 Toxicity (mammalian) of some essential oil compounds

Compound Animal tested Route LD50 (mg/kg)
2-Acetonaphthone Mice Oral 599
Apiol Dogs Intravenous 500
Anisaldehyde Rats Oral 1510
trans-Anethole Rats Oral 2090
(+) Carvone Rats Oral 1640
1,8-Cineole Rats Oral 2480
Cinnamaldehyde Guinea pigs Oral 1160
Rats Oral 2220
Citral Rats Oral 4960
Dillapiole Rats Oral 1000-1500
Eugenol Rats Oral 2680
3-Isothujone Mice Subcutaneous 4422
d-Limonene Rats Oral 4600
Linalool Rats Oral >1000
Maltol Rats Oral 2330
Menthol Rats Oral 3180
2-Methoxyphenol Rats Oral 725
Methyl chavicol Rats Oral 1820
Methyl eugenol Rats Oral 1179
Myrcene Rats Oral 5000
Pulegone Mice Intraperitoneal 150
1-Terpinene Rats Oral 1680
Terpinen-4-ol Rats Oral 4300
Thujone Mice Subcutaneous 87.5
Thymol Mice Oral 1800
Rats Oral 980

Sources: Dev and Koul (1997), FAO (1999), and Koul (2005)

Aspergillus niger and A. flavus (Paster et al. 1995; De-Billerbeck et al. 2001;
Alviano et al. 2005); Penicillium digitatum, F. solani, R. solani, Pythium ultimum,
and Colletotrichum lindemuthianum (El-Mohamedy 2003; El-Mohamedy et al.
2013, 2015); and Alternaria padwickii and Bipolaris oryzae (Nguefack et al. 2007).
Also, thymol and carvacrol are active against many plant and human pathogenic
fungi (El-Mohamedy 2003; Tsao and Zhou 2000). The mode of action and the
mechanism of action of such EO compounds against pathogenic fungi were related
to their general ability to dissolve or otherwise disrupt the integrity of cell walls
and membranes (Isman and Machial 2006).

The effectiveness of some plant essential oils as soil fumigants to manage bacte-
rial wilt disease caused by Ralstonia solanacearum in tomato has been investigated
under greenhouse experiments As the infested with R. solanacearum was treated
with the some plant essential oils at 400 and 700 mg per liter of soil in greenhouse,
then the population densities of R. solanacearum were determined just before 0 and
7 days after treatment. Results indicate that populations declined to undetectable
levels in thymol, palmarosa oil, and lemongrass oil treatments at both tested
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concentrations, whereas tea tree oil had no effect. Tomato seedlings transplanted in
soil treated with 700 mg/L of thymol, 700 ml/L of palmarosa oil, and 700 ml/L of
lemongrass oil were free from bacterial wilt; also, 100% of plants in thymol treat-
ments were free of R. solanacearum (Pradhanang et al. 2003).

Under field experiments, many essential oils or their constituents showed effec-
tiveness against many phytopathogenic fungi and resulted in control of many plant
fungal diseases. In this respect, Yaheia et al. (2011) found that citral, methyl anthra-
nilate, and nerol at concentration of 5.0 ml/L caused complete reduction in linear
growth of Alternaria tenuis and Cercospora beticola the causal agents of Alternaria
and Cercospora leaf spot diseases on sugar beet plants. EO compounds such as
citral, methyl anthranilate, and nerol at 5.0 ml/L reduced the Alternaria leaf spot
disease severity by more than 78.3 and 80.0% and Cercospora leaf spot severity
more than 67.5% and 78.1%, respectively. EI-Mohamedy et al. (2013) noted that
some essential oils (EOs) such as lemongrass, thyme, citral, and nerol clearly caused
strong inhibition of the growth of many root rot soilborne pathogenic fungi, i.e.,
Fusarium oxysporum radicis-lycopersici, F. oxysporum lycopersici, F. solani,
Rhizoctonia solani, Sclerotium rolfsii, Macrophomina phaseolina, Pythium sp., and
Phytophthora sp. The mycelial growth decreased significantly with the increase in
concentrations of essential oils and reached minimum mycelia growth at the highest
concentration used, as the complete inhibition of fungal growth was observed at
1.5% of all tested essential oils.

In addition, essential oil was applied alone or in combination with biocontrol
agents and/or natural products for controlling plant pathogenic fungi. Abdel-Kader
et al. (2013) tested the combination between 7. harzianum and some essential oils
in control of peanut crown rot disease under field conditions. They recorded that all
concentrations of essential oils significantly reduced the growth of A. niger.
Complete reduction was obtained with thyme and lemongrass oils at 0.5%. Also, T.
harzianum isolates significantly reduced the growth of A. niger. The highest reduc-
tion was obtained with isolate no. 1 which reduced the growth by 81.1%. Meanwhile,
under field conditions, all applied treatments significantly reduced the peanut crown
rot disease. The highest reduction was obtained with combined treatments compost
+ T harzianum + thyme and compost + 7. harzianum + lemongrass which reduced
the disease incidence at both pre- and postemergence growth stages.

Also, El-Mohamedy and Abd-El-latif (2015) applied humic acid and thyme
essential oil alone or in combination for controlling late blight diseased of tomato
plants under field conditions. Thyme oil at all tested concentrations caused com-
plete inhibition in linear growth of P. infestans. The highest inhibition in linear
growth was obtained with thyme at 6.0 ml/L which reduced the linear growth by
92.2%. Meanwhile, under field conditions, the authors revealed that the most effec-
tive treatments are humic acid at 6.0 or 8.0 g LG1 combined with thyme at 6.0 or
8.0 mL LG1 which reduced the late blight incidence more than 81.3 and 78.4%
during the first and second growing seasons, respectively.

In another field trials, El-Mohamedy et al. (2016) noted that Moringa oleifera
seed oil (MSO) and leaves extract (MLE) as well as chitosan (CH) alone or in inte-
grative treatments successfully controlled early blight disease of potato plants
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caused by Alternaria solani, as chitosan at 4.0 and 6.0 g/L, MSO at 3.0%, CH +
MSO at 1 g/ + 1.5% or 2 g/L+ 1.0%, and mixture of CH + MLE + MSO at 2 g/L+
20% +1.5% resulted in complete inhibition of linear growth and sporulation of A.
solani. Meanwhile, under field trials, integrative treatments of chitosan (CH) and M.
oleifera leaves extract (MLE) or seed oil (MSO) successfully suppressed early
blight of potato plants during 2014 and 2015 seasons. The highest records of disease
reduction were obtained with the mixture of CH+MLE+MSO (1.0 g/L+20%+1.5%)
followed by CH+MSO (2.0 g/L+1.5%) and CH+MLE (2.0 g/L.+20%) treatments,
which reduced the early blight disease severity by 94.4%, 88.2%, and 84.4% and
92.8%, 85.2%, and 80.8%, respectively, during the two growing seasons.

9.6 Plant Essential Oils (EOs) for Controlling Postharvest
Pathogenic Fungi

In general, the characteristics of the fruit, desirable storage time, and decay (dis-
ease) must be based mainly for selection of the essential oil that used in a posthar-
vest treatment. The application methods are very important in enhancing the
potential of the antifungal activity of tested essential oils. The potential of using
many essential oils as dipping or spraying methods to control postharvest decay has
been investigated and applied in fruit and vegetables (Saikia et al. 2001; Pyun and
Shin 2006; Pitipong et al. 2009). The length of storage may also negatively influ-
ence the antifungal activity of the essential oil treatments. Therefore, treatments
using essential oils should only be used for short storage times, or they should be
repeated after a defined time period has elapsed, depending on the fruit cultivar in
question (Adam et al. 1998). The essential oils from basil (Ocimum basilicum L.),
fennel (Foeniculum sativum Mill.), lavender (Lavandula officinalis Chaix), marjo-
ram (O. majorana L.), oregano (O. vulgare L.), peppermint (Mentha piperita L.),
rosemary (Rosmarinus officinalis L.), sage (Salvia officinalis L.), savory (Satureja
montana L.), thyme (T. vulgaris L.), and wild mint (Mentha arvensis L.) showed a
potentially significant antifungal activity higher than that available from chemical
treatments in postharvest treatments against B. cinerea and P. expansum on apples
(Adam et al. 1998).

Many plant essential oils have shown an antifungal effect against several post-
harvest pathogens, e.g., B. cinerea Pers. (Odom et al. 2000; Barkley et al. 2006;
Sheetal and Singh 2008), Aspergillus spp. and Penicillium spp. (Alvarez-Castellanos
et al. 2001; Govinden-Soulange et al. 2004; Kordali et al. 2005), Fusarium spp.
(Romagnoli et al. 2005; Cardenas et al. 2005), R. stolonifer (Ehrenb.: Fr.) Vuill
(Tundis et al. 2005; Demirci et al. 2006; Nurhayat et al. 2007), and C. gloeosporioi-
des Penz. (Altintas et al. 20006).

The expression of disease will be restricted by the impeding of the initial infec-
tion and the subsequent mycelial spread beyond the infection site. So, the antifungal
effect of essential oils is attributed mainly to the inhibition of both mycelial growth
and spore germination (Sharma and Tripathi 2006). Carvacrol one of the major
constituents of oregano essential oil is a phenol that was reported to show a high
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inhibition of mycelium growth in Neofabraea alba (E.J. Gutrie) Verkley on apples
(Sun et al. 2007). Clove oil is an essential oil extracted from the clove plant,
Syzygium aromaticum (L.) Merr. and Perry, and has been reported to act as a bioac-
tive against B. cinerea, M. fructigena Honey, P. expansum Link, and Phlyctema
vagabunda Desm (Al-Burtamani et al. 2005).

The different efficacies of essential oils are due to the differing fungitoxic prop-
erties of each single active constituent, as well as the synergic effect (Adam et al.
1998; Sun et al. 2007). This hypothesis suggests that the possible phytotoxic effects
of essential oil treatments may be due to the same active components existing in
each essential oil.

The combination between various postharvest treatments may improve the effi-
cacy of controlling postharvest pathogens (Baratta et al. 1998; Sharma and Tripathi
2006; Singh and Rai 2000). EI-Mohamedy et al. (2015) investigate the efficiency of
chitosan essential oil amended coating application on citrus fruits to control post-
harvest diseases as fungicide alternatives. Different concentrations of chitosan and
essential oils (EOs) such as lemongrass and citral were applied as individually or in
combination treatments against Penicillium digitatum and P. italicum the main
pathogens of rotting citrus fruit. They noted that, in vitro, chitosan, lemongrass EO,
citral EO, and chitosan EO mixtures significantly reduced the linear growth and
spore germination of P. digitatum and P. italicum. Lemongrass and citral EOs at
6 ml/L as well as chitosan + citral or lemongrass EO mixtures at 3 g/L+ 3 ml/L or
4 g/L+ 4 ml/L caused complete growth reduction of P. digitatum and P. italicum.
Moreover, these treatments cause 100% protection of peel dices of orange and lime
fruits artificially infected with P. digitatum and P. italicum. In storage trials, coated
orange and lime fruits with combined treatments of chitosan + citral or lemongrass
at concentrations 4.0 g/L + 4.0 ml/L or 3 g/L + 3 ml/L caused significantly protec-
tive effect against green and blue mold diseases and prevented the development of
fruit decay due the mold incidence during 40 days of storage at 20 °C.

Essential oils from thyme (7. capitatus L.), spearmint (M. spicata L.), and anise
(Pimpinella anisum L.) exhibited inhibitory effects on the development of M. fruc-
ticola (G. Winter) Honey (Singh and Rai 2000; Baratta et al. 1998). Rios and Recio
(2005) noted that the essential oil of lemon myrtle (Backhousia citriodora F. Muell.)
has antifungal activity against M. fructicola and has been shown to have a strong
antimicrobial activity, mainly with respect to its potential application as a topical
pharmaceutical product. The main constituent of such oil is citral that had also been
reported to exhibit a fungitoxic effect against a range of postharvest pathogens.
Also, El-Mohamedy et al. evaluated antifungal activity of three chemical groups of
citrus essential oil constituents, i.e., alcohols, aldehydes, and esters, against linear
growth and sporulation of Penicillium digitatum, P. italicum, and Geotrichum can-
didum. They found that alcohols such as nerol, alpha-terpineol, citronellol, and lin-
alool at 4 and 6 ml/L showed 100% inhibition of linear growth and sporulation of
all pathogens. Nerol showed the highest effect against G. candidum, where the lin-
ear growth and sporulation were completely inhibited at 2 ml/L. Concerning alde-
hyde compounds, only citral caused 100% inhibition of growth and sporulation of
all tested fungi at 4 and 6 ml/L, but its effect on all pathogens was fungistatic.
Meanwhile, citronellal had the least effect against all pathogens. Esters such as
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limonene showed the least effect against all pathogens at all concentrations. In vitro
trials, peel discs of orange and lime fruit treated with nerol, alpha-terpineol, citro-
nellol, or citral caused a reduction of colonization of all pathogens by 80% or more
at 2 ml/L and by 67% at 1 ml/L. The authors recorded that alcohols, such as nerol,
alpha-terpineol, citronellol, and aldehyde such as citral, a constituent of citrus
essential oils, can be used for controlling postharvest decay of citrus fruit.

In addition, El-Mohamedy (2003) revealed that the essential oils of thyme, lem-
ongrass, sour orange, and grapefruit at 4 and 6 ml/L concentrations showed
98-100% inhibitory effect on linear growth and sporulation of all tested pathogens.
Orange and mandarin oils had inhibitory effects less than 90% at 6 ml/L and 80% at
least with 4 ml/L, while lime oil gave 100% inhibitory effect at 6 ml/L and more
than 90% at 4 ml/L of all tested pathogens. Geotrichum candidum was sensitive to
all tested essential oils followed by P. digitatum, while P. italicum was more resis-
tant. Thyme and lemongrass showed a fungitoxic effect against all pathogens at 4
and 6 ml/L, whereas sour orange, grapefruit, and lime oils had a fungicidal effect at
6 ml/L against P. digitatum. Orange and mandarin oils cannot completely inhibit the
growth or sporulation of all pathogens at 4 or 6 ml/L. Treated peel discs of orange
and lime fruits with thyme, lemongrass, sour orange, and grapefruit essential oils
reduced fungal colonization of P. digitatum by 86-98%, P. italicum by 82.6-95.7%,
and G. candidum by 90-100% at 4 ml/L of all oils. Also, Abd-alla et al. (2011)
found that vapor compounds, i.e., lemongrass and thyme oils, as well as peracetic
acid significantly reduced the linear growth and spore germination of B. cinerea.
Complete inhibition of linear growth and spore germination were observed with
lemongrass oil and thyme oil vapors at concentration of 100.0 pl/L of each.
Meanwhile, the same effect was recorded at concentration of 0.50 ml/L. In vivo pre-
inoculated strawberry fruits were submersed in a concentration of 2.0 ml/L of
essential oil emulsion lemongrass and thyme oils, a method that ensured complete
penetration of the oil into treated fruits resulted in about 90.0% reduction in disease
incidence.

9.7 Mode of Action and Mechanism of the Essential Oil
Antifungal Activity

Several investigators recorded that there is a synergetic effect between the individ-
ual oils and their chemical constituents. This synergism in the aromatic plants’ com-
ponent functions makes them more effective and reduces the developing resistance
of any pathogenic fungi. In this respect, Juvenet al. (1994) noted that thymol, euge-
nol, and carvone are widely used in the control of several fungi, particularly those
which contaminate various important economic crops. They also found that some
single constituents of these EOs such as carvacrol, y-terpinene, and p-cymene
become more effective when they are combined together and act synergistically.
Moreover, p-cymene is efficient facilitator of the transport of carvacrol across cell
wall components and the cytoplasmic membrane of pathogenic fungi. Also,
Nakamura et al. (2004) and Sunita and Mahendra (2008) revealed that the diameter
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reduction and lyses of the hypha wall of the pathogenic fungi may be attributed to
the enzymatic reactions within the essential oil which act to regulate synthesis of the
wall. Furthermore, the lipophilic properties of the abovementioned single compo-
nents might have the ability to degrade the plasma membrane and thus to increase
the permeability of the cytoplasm.

9.8 Conclusions

Plant pathogenic fungi cause serious diseases on many plants that led to losses in
quantity and quality of yield. The plant essential oils (EOs) are one of the promising
eco-friendly fungicide alternatives used for controlling several phytopathogenic
fungi, food contaminants, and decays. In this chapter, the highlight was dropped on
plant sources, antifungal properties, and the mode of action of many plant essential
oil and their constituents. Most of such essential oils and their formulations reported
in this chapter showed a high efficacy against many fungal pathogens either via
direct contact or through incorporation into nutrient media. Many EOs such as oreg-
ano, thyme, and vervain and their active constituents such as lemongrass, nerol,
carvacrol, thymol, linalool, citral, and their isomers have fungistatic and/or fungi-
cidal activities against plant and human pathogenic fungi as well as mycotoxic pro-
ducing fungi on food. In addition, recently many essential oils were applied as
natural or botanical fungicides for controlling many plant pathogenic fungi under
greenhouse and field conditions especially under organic forming systems. Also, a
lot of compounds of EOs were applied as natural biocides for controlling posthar-
vest and decayed fungi on fruits and vegetables. The most effective essential oils or
their active ingredients and their isomers can be commercially applied effectively as
seed, soil, and foliar spray treatments controlling postharvest decay fungi, patho-
genic fungi on plants, and food productions.
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Abstract

Microorganisms including bacteria produce several kinds of volatile organic
compounds (VOCs). In the last decade, an increasing research confirmed the role
of VOC:s as environmental friendly and potential growth inducers. These volatile
compounds can help in mitigating dependence on synthetic chemicals and
recombinant DNA technology. Recent experiments carried out under field condi-
tions successfully established the role of bacterial volatiles in increasing food
production. However, the information on the contribution of bacterial volatiles in
plant growth and development is scattered. In this chapter, we have discussed the
role of volatile organic compounds in microbe-microbe and microbe-plant inter-
actions. Effect of VOCs as inducers for enhancing crop productivity is reviewed.
Problems associated with field applications are also highlighted.
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10.1 Introduction

Agriculture in the twenty-first century faces challenges, associated with loss of soil
fertility, increased use of synthetic fertilizers and pesticides, drought, salinity, fluc-
tuating climatic conditions, and growing attack on crops by pathogens and pest. The
global need to enhance agricultural production from rapidly shrinking land resources
had placed considerable strain on the fragile agroecosystem (Tilak et al. 2005;
Gomiero et al. 2011). It is the fact that intense external input-oriented agriculture,
which was part of our Green Revolution Strategy, has depleted soil fertility consid-
erably in our major agricultural systems. This is reflected in the declining trend of
total production from the same land, diminishing response of food grain increase to
applied fertilizer nutrient reduction in the organic matter content of the fertile soil
and increase in the productivity, and constraints to land such as groundwater deple-
tion, salinity, acidity, and alkalinity (Raman 2005). Worldwide the remarkable
enhancement in agricultural and industrial production causes severe environmental
degradation. Modern agriculture severely modified and polluted the natural envi-
ronment due to the wide application of chemical fertilizers, herbicides, and pesti-
cides. These fertilizers, herbicides, and pesticides are known to be mutagenic and
carcinogenic (Abboud 2014). Agricultural sustainability, environmental safety, and
increased crop production can be achieved by employing eco-friendly methods
(Bhardwaj et al. 2014).

Despite this, there is an immediate requirement to accelerate this revolution as
there is continuous increase in world population, which will be increased to 9.7 bil-
lion by 2050 (UN-DESA 2015), and this whole population will satisfy their need of
food, fuel, feed, and fibers through agriculture. Further, the present global popula-
tion is relying strongly on fossil oil for their energy needs and various other chemi-
cals. Therefore, this fossil oil is exhausting at an alarming rate, and substitutes for
fossil oil are required to be discovered (Jansen et al. 2011).

Volatiles are compounds with low molecular masses (<300 Da), low polarity, and
high vapor pressure (0.01 kPa or higher at 20 °C). Volatile organic compounds are
crucial information compounds which are directly involved in necessary conversa-
tion processes among all kingdoms of life (Hare 2011; Dweck et al. 2015; Kai et al.
2016). These compounds are universally found on planet earth owing to their physi-
cochemical characteristics (high vapor pressure, low boiling point, and low molecu-
lar mass). Collectively, these properties assist vaporization. Distinctive volatiles are
monoterpenes, aromatic compounds, and fatty acid by-products. It is clear that vola-
tiles are components of the atmosphere. However, they also emerge in porous mate-
rials, such as plants, rocks, and soil pores, and get mixed in aqueous media. They are
from both anthropogenic and biogenic origin. Although animal and plant volatile
emissions have been largely evaluated in the past, the volatiles of microorganisms
especially bacteria have been typically ignored. Currently the richness of bacterial
volatile organic compounds (VOCs) has been identified. It is anticipated that while
about 10,000 microbial species are presently characterized, no less than a million of
unknown species are present on planet earth. In this situation, amazingly very little
population of bacteria has been scrutinized so far for their VOC system. The
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additional microbes we explore in the future, the more volatiles with novel compo-
sition are likely to be revealed as this new research field develops (von Reuss et al.
2010; Lemfack et al. 2014).

VOCs occur in the environment and work over long range. In addition to air-
borne volatile-related interactions, furthermore the belowground volatile exchanges
are also examined. Currently it has been found that plants can also detect these vola-
tile compounds and respond to these vapors by boosting or diminishing their growth
and development. The earliest recognized evidence of bacterial volatile-related
influence on plants was reported by Cook and Stall (1969). It took over 30 years
until 2003 when Ryu and coworkers (Ryu et al. 2003) detained the subject once
more and unlock the access to a novel area of research designated as the volatile-
related effects of bacteria on plants. After that, different effects have been accounted,
varying from large plant biomass increase to plant death (Bailly and Weisskopf
2012; Kanchiswamy et al. 2015a; Kai et al. 2016). In spite of the strong effects
noticed, the explanation of the dependable compounds is not as sophisticated as
anticipated. A handful of bacterial volatile organic compounds (VOCs) have been
clearly recognized as responsible for the detected harmful or beneficial effects on
plant growth and development. This is related to the elevated intricacy of the vola-
tile mixture secreted by bacteria. So far ~1,000 bacterial volatile organic compounds
(VOCs) have been characterized. The variety of bacterial ecological habitats advo-
cated that this might be a total distortion of the diversity of volatile organic and
inorganic molecules secreted by bacteria (Schulz and Dickschat 2007; Kai et al.
2009; Lemfack et al. 2014).

There are no less than two causes to consider that volatiles might play a key com-
munication role among bacteria and plants under normal circumstances. The pri-
mary cause is that volatiles are recognized to be employed by plants as caution or
attraction signal in plant-plant (Heil and Karban 2010) and plant-insect interactions
(Hare 2011), signifying that detection methods survive which allow plants to iden-
tify volatiles. The involved process is explained by concerning the rhizosphere envi-
ronment. This appears encouraging for volatile-related messaging, because the
associates are spatially close to each other and volatiles are further expected to build
up and attain their action threshold in the rhizosphere than in the airborne atmo-
sphere. Twelve years following the initial description of plant growth promotion by
bacterial volatiles, the phenomenon has been established by independent experi-
ments employing diverse strains and plant model systems (Kai et al. 2016). But still
the compounds related to the recognized impacts and other metabolic changes tak-
ing place in plants upon encountering of bacterial volatiles are weakly inferred.

The aim of this chapter is to summarize the current knowledge that how the bac-
terial volatiles mediate plant growth and development and to mitigate the problems
associated with field application. We have also reviewed suggestion and future
directions of research that would help us to better understand this fascinating new
feature of bacteria-plant interaction.
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10.2 Methods for Identification and Characterization
of Bacterial Volatile Compounds

Bacteria secrete a plethora of volatiles, and in the last few years, an ever-increasing
understanding regarding the release of a large quantity of bacterial volatiles has
been documented. The current examinations have undoubtedly established that bac-
teria use their volatiles during communications with new organisms in order to
manipulate populations and communities (Kai et al. 2009; Romoli et al. 2014). A
broad range of molecules has been characterized in bacterial discharge of a large
number of chemicals. Bacteria are recognized to either positively or negatively
influence other organism’s health.

Bacterial volatiles characteristically comprise alkenes, alcohols, ketones, ter-
penes, benzenoids, pyrazines, acids, and esters (Piechulla and Degenhardt 2014).
Most microbial volatiles are believed as by-products of primary and secondary
metabolism. They are produced primarily by oxidation of glucose from different
intermediates (Korpi et al. 2009; Schmidt et al. 2015). Even though there are com-
mon volatiles secreted by diverse, over and over again, dissimilar microorganisms,
other volatiles are unique for certain strains (Schulz and Dickschat 2007; Garbeva
et al. 2014a, b). The quantity and configuration of volatiles secreted by microbes
can differ depending on culturing conditions (Blom et al. 2011; Garbeva et al.
2014a, b). Other key factors impacting the secretion of volatiles are the physiologi-
cal condition of the producing microorganism, oxygen accessibility, moisture, tem-
perature, and pH (Insam and Seewald 2010; Romoli et al. 2014).

Investigation of VOC is a complicated job owing to the broad array of volatiles’
large quantity and the intricacy of mixtures and/or matrixes in which they are gener-
ally present and source of secretion. The primary method for vigorous and repro-
ducible VOC investigation thus includes three key features: (1) VOC extraction, (2)
analysis, and (3) recognition (Audrain et al. 2015). A diversity of methods has been
established to trap volatiles secreted by microbes. The amount of measurable vola-
tiles normally enhanced with the diversity and sensitivity of the extraction systems
employed and the different trapping equipments (Wenke et al. 2012). It is estab-
lished that the closed-loop stripping apparatus (CLSA) is extensively employed to
pre-concentrate volatiles from aqueous samples (Meruva et al. 2004). Finally, direct
and real-time gas sampling of bacterial headspace can be performed using second-
ary electrospray ionization-mass spectrometry (SESI-MS), which has several
advantages, such as a sensitive detection limit and the potential for high-throughput
sample analysis (Zhu and Hill 2013).

Typical methods to examine VOC profiles depend on gas chromatography
together with mass spectrometry (GC-MS), characterized by a powerful separation
capacity and highly sensitive recognition performance. Certainly, current GC-MS
software advances the detection limit by adjacent peak deconvolution and back-
ground subtraction (Farag et al. 2006; Farag and Wessjohann 2012) strategies.
Optimal GC-MS analysis comprises the use of the time-of-flight (TOF)-MS detec-
tor, particularly when it is attached with 2D column gas chromatography (GC x GC).
The high degree of separation afforded by the two columns and the high sensitivity
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of TOF-MS are appropriate explanation for analysis of trace volatile components
(Meruva et al. 2004; Salvador et al. 2013). On the other hand, the GC-MS-based
technique frequently involves pre-concentration and does not permit rapid in situ
analysis. Selected-ion flow tube-mass spectrometry (SIFT-MS), ion-mobility spec-
trometer (IMS), and electronic noses (eNoses) are thus regularly preferred for real-
time analysis of volatiles (Dolch et al. 2012). SIFT-MS and IMS are compatible
with in situ real-time measurement of VOCs (Bos et al. 2013). IMS and SIFT-MS
are very promising analytical methods, with short measurement times performed in
ambient conditions and high sensitivity (Tiebe et al. 2009; Kunze et al. 2013).

Characterization of molecules found in a volatile sample can be realized by com-
paring mass spectra with spectra from different databases like the Wiley or NIST
libraries. Still, these libraries have a tendency to deceive the inexperienced user,
since the neighboring hit inside the library might uncritically be taken as a positive
detection. These databases list almost 1000 microbial volatile compounds and
include information about their discharging microbes, the biochemical pathways,
and their biological impacts (Lemfack et al. 2014). In case of unidentified volatiles,
separation steps are needed and followed by spectral analysis employing MS and
nuclear magnetic resonance (NMR) spectroscopy. Multivariate statistical processes,
largely grouped into two categories as unsupervised and supervised, are required to
estimate possible dissimilarity between VOCs secreted from different species, par-
ticularly when evaluating numerous samples. Employing of supervised methods
such as partial least squares (PLS) or PLS discriminant analysis allows comparing
samples analyzed with different machines and not in the same time, though great
care must be taken in introducing these models, since such analyses often tend to
overfit data, leading to abnormal outcome (Farag 2014). Lastly, a correlation-based
multiblock hierarchical principal component analysis (MB-PCA) and MB-PLS
enable the comparison of data sets derived from different analytical approaches, i.e.,
NMR versus MS.

Identified VOC descriptions are often relatively intricate, and it is thus essential
to run blank controls to establish which signals correspond to volatile molecules
secreted by bacteria or by the culture medium itself (Tait et al. 2014). An additional
main challenge in VOC analysis lies in repeated result inconsistency due to genomic
disparity among bacterial species subtypes, changing the metabolic pathway lead-
ing to volatile molecules (Tait et al. 2014). In addition to medium composition,
dissimilarity in metabolite accessibility according to growth phase, oxygen concen-
tration, or initial inoculum also influences the production and emission of VOCs
(Bos et al. 2013; Broekaert et al. 2013; Kunze et al. 2013). Examination of in vitro
and in vivo VOC descriptions has exposed that the host response can also affect
volatile emission (Bos et al. 2013; Audrain et al. 2015).

Bacterial volatiles can be trapped in open or closed airflow systems. The volatiles
of this active headspace are captured on polymeric adsorption matrices (SuperQ,
Tenax, Lewatit, and activated charcoal). In open volatile collection methods (Ryu
et al. 2003; Kai et al. 2007, 2010), purified and sterile air enters the test vessel. Half
of the influx air is sucked out and is transported to an adsorption trap; as a result, a
definite quantity of excess air librated. As a result, outside gaseous molecules and
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bacterial contaminations can be mitigated. In closed systems, the total headspace air
is analyzed since the airflow circulates continuously through the bacterial culture
and through the trap (Dickschat et al. 2004; Schulz et al. 2004). This closed-loop
stripping apparatus (CLSA) was established by Boland et al. (1984). Molecules
trapped in open or closed systems are either eluted with a solvent (methanol, dichlo-
romethane, and pentane) and analyzed using gas chromatography/mass spectrome-
try (GC-MS) or directly thermally desorbed.

An additional opportunity to take out bacterial volatiles encounters the static
headspace of bacterial cultures using solid-phase microextraction (SPME). This
method was introduced by Arthur and Pawliszyn (1990). A thin film of an extracting
phase immobilized over the surface of a fused silica fiber makes possible the adsorp-
tion of compounds situated in the headspace. According to the properties of predict-
able volatiles, special coatings are available for extraction, e.g., polydimethylsiloxan,
carboxen, and divinylbenzene or mixture of these adsorbents. The SPME technique
provides advantages over other techniques such as the process is solventless, is
simple in situ sampling, and has a short analytical time. Thus far, numerous bacte-
rial headspace-SPME investigations have been performed (Schulz et al. 2004; Farag
et al. 2006). Other static approaches (diffusive sampling) were also recognized
(Larsen and Frisvad 1994) using polymeric substances (Carbon black, Tenax). They
were filled into stainless steel tubes and straightforwardly placed into the Petri
dishes to trap volatiles from the headspace of diverse microbial cultures (Scholler
etal. 1997), or activated charcoal was placed in the lid of the Petri dishes (Gust et al.
2003).

Every volatile compilation technique pointed out above was merged with GC-MS
techniques. As a replacement for GC-MS, the compilation methods can also be con-
nected to proton transfer reaction/mass spectrometer (PTR/MS) (Mayr et al. 2003;
Bunge et al. 2008; Kai et al. 2010) or selected-ion flow tube-mass spectrometer
(SIFT-MS) (Allardyce et al. 2006; Thorn et al. 2010). While GC-MS depicts volatile
outline that is dependent on the analyses of defined retention times, PTR/MS and
SIFT-MS allow uninterrupted supervision of volatile emission. Another substantial
benefit of PTR/MS is that prior to analysis, no pre-concentration step or chromatog-
raphy is required. PTR/MS decides the m/z ratio of a compound and no fragmenta-
tion pattern; therefore, the application of natural isotopic ratios and literature
exploration are essential to make a sophisticated guess to recognize the molecules.
To mitigate this drawback, a substitute system can be used to identify and differenti-
ate volatiles like secondary electron spray ionization-mass spectrometry (SESI-MS)
(Zhu et al. 2010). It has to be understood that all precise methods described now
simply permit the discovery and determination of a definite spectrum of volatiles
secreted from the bacteria. To obtain a complete collection of volatiles, it is inevi-
table to mix the diverse volatile compilation techniques (Wenke et al. 2012).
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10.3 Bacterial Volatiles in Microbial Interactions

Bacterial volatiles are capable of affecting the metabolism of each other, but the
function of volatiles in communications among bacterial species has been poorly
investigated. In view of the physically divided distribution of bacterial populations
(microcolonies) in the leaky soil matrix, it has recently been recommended that
VOCs play important functions in interspecies bacterial cooperation (Garbeva et al.
2014a). It is anticipated that rhizosphere-colonizing microbes might devote a large
fraction of the energy achieved from metabolizing root secretions to manufacture
bioactive VOCs. Volatiles secreted by Collimonas pratensis and Serratia plymu-
thica encouraged the development of Pseudomonas fluorescens, while volatiles pro-
duced by Paenibacillus sp., Pedobacter sp., and the combination of all these four
bacteria did not affect P. fluorescens development. The highest numbers of distinc-
tive volatile molecules are narrated to be secreted by C. pratensis and S. plymuthica,
together with S-methyl thioacetate, methyl thiocyanate, benzonitrile, and dimethyl
disulfide (DMDS). Definite VOCs secreted by C. pratensis included 3-hexanone,
2-methyl propanal, ethenylacetate, 3-methyl-2-pentanone, methyl
2-methylbutanoate, methyl 3-methylbutanoate, 4-methyl-3-penten-2-one, 3-methyl-
2-heptanone, myrcene, terpinene, and methyl salicylate. Specific VOCs produced
by S. plymuthica include 2-pentadecanone, 1H-pyrrole, ethyl butanoate, chloroben-
zene, dimethylsulfone, 2-octanone, and 5-dodecanone (Garbeva et al. 2014a).

In recent times it has been confirmed that bacteria are capable to reduce the
development of Burkholderia cepacia complex (Bcc) strains through the production
of VOCs (Papaleo et al. 2012, 2013; Orlandini et al. 2014). Previous recorded data
confirmed that two Pseudoalteromonas strains were competent enough to totally
reduce the growth of most Bec strains (Romoli et al. 2011). Methyl-2,3,3,4-
tetrahydroxytetrahydrofuran, indole and its derivatives, quinolones, and (§)-3
hydroxytridecan-4-one as signals have also been illustrated (Diggle et al. 2006;
Ryan and Dow 2008).

An AHL-based interaction among individual bacterial cells has been noticed in
the rhizosphere, and rhizobacteria have been found to sustain and generate VOCs
within the plant. Bacterial volatile organic compounds secreted by some P. fluores-
cens and S. plymuthica strains suppressed the growth of Agrobacterium tumefaciens
and A. vitis strains under in vitro conditions. DMDS was the major volatile secreted
by S. plymuthica; it powerfully inhibited Agrobacterium development in vitro and
was produced by tomato plants treated with S. plymuthica. 1-Undecene was the
chief volatile produced by the P. fluorescens strain. It was accomplished that VOCs,
and in particular DMDS, may be implicated in the inhibition of oncogenicity in
plants (Dandurishvili et al. 2011). The most important VOCs secreted by the P.
chlororaphis strain 449 were 1-undecene, 2-nonanone, and 2-heptanone along with
2-undecanone and lower amounts of DMDS. The profile of VOCs secreted by the S.
proteamaculans 94 strain is considerably different from that secreted by P. chloro-
raphis strain 449, with DMDS being the main headspace VOC emitted by the for-
mer (Popova et al. 2014). When these VOCs were examined on the A. tumefaciens
strain C58 and the cyanobacterium Synechococcus sp. strain PCC 7942, a powerful
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A. tumefaciens bacteriostatic result of DMDS was established and totally inhibited
the growth and development of the cyanobacterium strain Synechococcus sp.
2-Nonanone and 2-heptanone were effective on both microorganisms, whereas
2-undecanone entirely suppressed the growth of Synechococcus; however, it does
not significantly influence A. fumefaciens. 1-Undecene does not considerably influ-
ence the growth and development of any of the two microbes examined (Popova
etal. 2014).

10.4 Bacterial Volatiles in Microbe-Plant Interactions

Hundreds of diverse bacterial VOCs have been recognized, consisting alkanes,
alkenes, alcohols, esters, ketones, sulfur compounds, and terpenoids. The appear-
ance of a distinctive volatile outline or molecules is the result of precise metabolism
or metabolic pathway(s) operating in the bacteria (Kai et al. 2009). These volatiles
are perfect communicating compounds since they are present in the biosphere in
ample amount and can work over long range (Wheatley 2002). Several bacteria
selectively inhabit soil strongly connected with the plant roots, utilizing nutrient-
rich root discharges. These bacteria are jointly described as rhizobacteria and a lot
of them encourage plant growth (Bhattacharyya and Jha 2012), while the root atmo-
sphere they inhabit is known as the rhizosphere (Mendes et al. 2013). Within rhizo-
bacteria, pseudomonads have been regarded as a significant group of rhizosphere
microbes (Goswami et al. 2013). VOCs secreted by rhizospheric bacteria are impli-
cated in their communication with phytopathogenic microbes and colonizing plants
and demonstrate antimicrobial and plant growth-promoting traits (Vespermann
et al. 2007; Kanchiswamy et al. 2015a). Fluorescent Pseudomonas strains assist in
preservation of soil fitness and defend the crops from phytopathogens. Rhizospheric
bacterial strains can change both plant growth development and root-system struc-
ture by secreting different VOCs (Gutierrez-Luna et al. 2010).

Universally recognized bacterial VOCs such as 2-pentanone, 4-heptanone,
2-heptanol, 2-undecanone, 2-tridecanone, and 2-pentadecanone (Schulz and
Dickschat 2007; Weise et al. 2014) and well-recognized molecules like sodorifen, a
bicyclic oligomethyloctadiene secreted by Serratia odorifera (Kai et al. 2010), are
capable of meddling with plants. In an experiment performed by Blom et al. (2011),
42 soilborne bacterial strains were evaluated for their volatile-dependent influence
on 6-day-old seedlings of Arabidopsis thaliana. Thirty-six molecules of bacterial
source were chosen for additional examination and within these, 1-hexanol, indole,
and pentadecane encouraged plant growth. Cocultivation of A. thaliana using S.
odorifera in bipartite Petri dishes, which only permitted volatiles to disperse from
one side to the other, results in remarkable growth suppression of plants (Vespermann
et al. 2007). DMDS and ammonia are among the most bioactive molecules (Kai
et al. 2010). Huang et al. (2012) monitored that use of DMDS secreted by a Bacillus
cereus strain has considerably shielded tobacco (Nicotiana tabacum) and corn (Zea
mays) plants against Botrytis cinerea and Cochliobolus heterostrophus, respec-
tively. Also, DMDS supplementation has been observed to extensively decrease the
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articulation of Nicotiana attenuata sulfur-assimilation genes, as well as methionine
production and reprocessing (Meldau et al. 2013).

Two compounds, 3-hydroxy-2-butanone also branded as acetoin and
2,3-butanediol (2,3-BD), were secreted constantly from strains of Bacillus subtilis
and B. amyloliquefaciens and were establish to extensively improve total leaf sur-
face region and induced systemic resistance (ISR) of A. thaliana (Ryu et al. 2003;
Rudrappa et al. 2010). 2,3-BD was also one of the main VOCs created by
Enterobacter aerogenes, an endophytic bacterium that lives in corn plants. The
secretion of 2,3-BD by E. aerogenes provides corn plants greater resistant in oppo-
sition to the northern corn leaf blight fungus Setosphaeria turcica (D’ Alessandro
et al. 2014). The uneven production of acetophenone, tridecanal, tetradecanal,
6,10,14-trimethyl-2-pentadecanone, and benzaldehyde secreted by diverse lemon
rhizobacteria demonstrated that the outcome reported in Arabidopsis roots is rela-
tive to the kind and quantity of molecules formed by the bacteria (Gutierrez-Luna
et al. 2010). 3-Hexanone secreted by strains of Burkholderia ambifaria consider-
ably augmented Arabidopsis biomass, as obtained by acetophenone and DMDS
(Groenhagen et al. 2013). Effect of volatile organic compounds (VOCs) released by
rhizobacteria on plant cell physiology and how they influence growth and produc-
tivity is briefly represented in Fig. 10.1.

10.5 Potential of Bacterial Volatiles in Plant Growth
and Health

Significant advancement has been made in comprehending the vital function of
VOCs. Bacterial VOCs adjust plant development and protection and interspecies
communication among plant, bacteria, fungi, and nematodes. It also works as a
magnet to pull bitter enemies, as biocontrol instrument, and discover appropriate
use as pest/insect/herbivore supervision (Leroy et al. 2011; Davis et al. 2013; Weise
etal. 2013; D’ Alessandro et al. 2014). These progressive data on VOCs demonstrate
their serious function in multitrophic communications and their significance in both
the environment and sustainable agriculture structure. Throughout the diverse
phases of plant growth, widespread interaction takes place among soil microbes and
plants in which indicator compounds from the two associates take part in vital func-
tions. VOCs implicated in complicated inter- and intraspecific communications,
above- and belowground, ensuing in genetic, phenotypic, and morphologic modifi-
cation of the cooperating microorganisms (Effmert et al. 2012; Piechulla and
Degenhardt 2014; Penuelas et al. 2014). Diverse bacterial species are capable to
sense the plant host and start their inhabitation approaches in the rhizosphere by
manufacturing canonical plant growth modifiable compounds like auxins and/or
cytokinins. Extra indicator molecules from bacteria participate in key functions
related to plant morphogenetic processes. These molecules facilitate bacterial cells
to control gene outcome relying on inhabitants’ density (Ortiz-Castro et al. 2009).
It was establish that AHLs can be sensed by plants, modify gene expression in roots
and shoots, and adjust protection and cell development reactions (Ortiz-Castro et al.



M.M. Altaf et al.

208

(eS10T 1B 10
Awremstyouey] woly paonpoiday) Aitanonpoid pue yymois juefd uo er101oeqoziyr Aq paseafar (sDOA ) Spunodwod S1uesIo [1R[0A JO 109)J2 Sune[npoj  L°0L ‘b4

uonebuoje
pue
UOISIAIP |82 sa@sne)

A

)

(sooA)
si0)daoay spunodwo2
20BUNS |82 oluebio ajnejoa
UlMm JoBjuoD < jo abaeyssig

|enuajod
LT

e, S|auueyo
UOI LM JOBIIOD <

e S2O0A
jo abessed«

uolssasdxa
suan

|enuajod
aueiquiaw |20
jo uonezuejodag =«

|

: R uonEUSUOD
_oouaanu’ GALG1: o lioha i Bay] <z o

1122 Jueld

1182 jue|d



10 Bacterial Volatiles: Potential Applications in Plant Growth and Health 209

2008; Audrain et al. 2015). In particular, medium (C8-C14)-chained AHL mole-
cules (N-hexanoylhomoserine lactone, N-3-oxo-hexanoyl-homoserine lactone,
N-octanoyl-homoserine lactone, N-decanoyl-homoserine lactone, N-dodecanoyl-
homoserine lactone, and N-tetradecanoylhomoserine lactone) demonstrated a dose-
related impact on root structure, changing primary root development, lateral root
arrangement, and root hair growth of Arabidopsis (Ortiz-Castro et al. 2008;
Kanchiswamy et al. 2015a).

Large numbers of bacteria that trigger induced systemic resistance (ISR) demon-
strate to do so via salicylic acid (SA) independent pathway linking jasmonate (JA)
and ethylene signals. VOCs from Bacillus amyloliquefaciens strain IN937a activate
ISR via ethylene-independent communication pathway, while VOCs from Bacillus
subtilis strain GB03 found to operate through an ethylene-subjected pathway,
although autonomous of the SA or JA communicating pathways (Ryu et al. 2004).
This discovery has offered new approaches into the function of VOCs as originator
of protection reactions in plants. Primarily, in the course of developing an examina-
tion method to review the development encouragement capability of rhizobacteria
in vitro, Ryu et al. (2003, 2004) establish that bacterial volatiles are implicated in
plant growth and development. An evaluation of growth encouragement stimulated
by bacterial volatiles in Arabidopsis exposed that inoculation with the above cited
GBO03 or IN937a strains considerably enhanced the growth of Arabidopsis, in con-
trast to water control with the Escherichia coli strain DH5a. The two main mole-
cules secreted from cultures of strains GB03 and IN937a, although not from cultures
of the other strains, were recognized as 2,3-BD and its originator acetoin. The quali-
tative and quantitative structure of volatile mixture secreted by the growth-promoting
strains fluctuate considerably from those of the null growth-promoting E. coli strain
DH5a. External use of marketable acetoin and 2,3-BD causes the dose-reliant
increase of plant growth, which enhances the impacts of the volatile mixture secreted
by the abovementioned two Bacillus sp. (Kanchiswamy et al. 2015a).

Within plant growth-promoting rhizobacteria (PGPR) preparation of plant resis-
tance, introduction of the primed condition is considered to result in an enhance-
ment in the level of activity of cellular parts that participate in significant roles in
protection signaling, while this method is not linked with direct modification in
gene outcome in leaves. The priming action of 2,3-B, which results in decreasing
plant vulnerability to infection, has been established in numerous studies (Park et al.
2013; D’ Alessandro et al. 2014).

In other experiment, the use of 2,3-BD was found unsuccessful to trigger ISR
against Pseudomonas syringae pv. tabaci but did stimulate the ISR response against
P. carotovora subsp. carotovora, signifying that diverse protection reactions were
generated in reply to different pathogens. The originator acetoin was in contrast
revealed to generate ISR against P. syringae in Arabidopsis (Rudrappa et al. 2010).
Bacterial volatile organic compounds of Serratia plymuthica and Stenotrophomonas
maltophilia considerably repressed development and trigger H,O, generation in
Arabidopsis in double culture. Expression experiments carried out with dissimilar
time exposed distorted transcript intensity for 889 genes and 655 genes in reaction
to S. plymuthica or S. maltophilia volatiles, respectively. Additionally, especially
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volatile-receptive genes were extensively related with those influenced by abiotic
stress, and genes responsive to both treatments were enriched for W-box motifs in
their promoters and transcription factors (ERF2, ZAT10, MYB73, and WRKY 18).
Fascinatingly, the vulnerability of wrky/8 mutant lines to volatiles was extensively
deferred, signifying a crucial function of WRKY 18 in bacterial volatile reactions
(Wenke et al. 2012). Volatiles secreted from several microbial species varying from
Gram-negative to Gram-positive bacteria put forth an impact on leaf starch metabo-
lism. Amazingly, the entire bacterial species examined secreted VOCs which pow-
erfully enhance starch buildup in leaves of both mono- and dicotyledonous plants
(Ezquer et al. 2010; Kanchiswamy et al. 2015a). Table 10.1 presents a summary of
bacterial volatile organic compounds and their effects on plant growth and
development.

Table 10.1 Summary of bacterial volatile organic compounds and their effects on plant growth

and development

Bacterial species and | Plant species Volatile organic
strains involved compounds Effect on plant References
Arthrobacter agilis | Medicago sativa | N,N-Dimethyl- Growth Velazquez-
UMCV2 hexadecanamine | promotion Becerra et al.
(2011)
Bacillus Arabidopsis 2,3-Butanediol Growth Ryu et al.
amyloliquefaciens thaliana acetoin promotion and (2003, 2004)
IN937a ISR
Bacillus Lycopersicon Combination of | Control of plant | Raza et al.
amyloliquefaciens esculentum VOCs pathogens (2016a)
SQR-9
Bacillus -do- Combination of | Plant growth Raza et al.
amyloliquefaciens volatile promotion (2016b)
T-5 compounds
including
benzenes, ketones,
aldehydes,
alkanes, acids
Serratia plymuthica | -do- Dimethyl disulfide | Plant growth Dandurishvili
IC1270 and and other volatiles | promotion by etal.(2011)
Pseudomonas inhibition of
fluorescens B-4117 Agrobacterium
tumefaciens and
Agrobacterium
Vvitis
Bacillus megaterium | Arabidopsis 2-Penthylfuran Growth Zou et al.
XTBG34 thaliana promotion (2010)
Bacillus subtilis Arabidopsis 2,3-Butanediol Growth Ryu et al.
GBO3 thaliana acetoin promotion and (2003, 2004)
ISR

(continued)
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Table 10.1 (continued)

Bacterial species and

Plant species

Volatile organic

strains involved compounds Effect on plant References
Pseudomonas Nicotiana 2,3-Butanediol Growth Han et al.
chlororaphis O6 tabacum and promotion, ISR, | (2006) and
Arabidopsis and desiccation | Cho et al.
thaliana tolerance (2008)
Pseudomonas Nicotiana 13-Tetradecadien- | Plant growth Park et al.
fluorescens SS101 tabacum 1-o0l, 2-butanone, | promotion (2015)
and
2-methyl-n-1-
tridecene
Rhizosphere strains | Arabidopsis Combination of | Growth Gutierrez-
(isolated from thaliana VOCs promoting and Luna et al.
rhizosphere of Citrus changes in (2010)
aurantifolia) 1L.263, root-system
L.266, L272a, 1L.254, architecture
L265a, and L265b
Different species of | Brachypodium -ND- Biomass Delaplace
rhizobacteria distachyon production and et al. (2015)
changes in
root-system
architecture
Pseudomonas Solanum Volatile mixture | Increased yield | Velivelli et al.
palleroniana tuberosum subsp. (2015)

R43631, Bacillus sp.
R47065, R47131,
Paenibacillus sp.
B3a R49541, and
Bacillus simplex
M3-4 R49538

andigenum

Different species of
Bacillus, Serratia,
and Staphylococcus

Lactuca sativa

Acetoin and other
volatiles

Growth
promotion

Fincheira
et al. (2016)

Partially adapted from Kanchiswamy et al. (2015b)

ND not detected

10.6 Challenges for the Deployment of Bacterial Volatiles
Under Field Conditions

The exploration, extraction, and commercialization of new compounds from nature
with biotechnological utilization are known as biodiversity prospecting. For most
part of the last century, microorganisms were mainly studied for exploring conven-
tional organic compounds possessing therapeutic characteristics with novel func-
tions. An intensive investigation for novel compounds within VOCs will involve a
standard change in scientist’s ideology (Shannon et al. 2012; Kanchiswamy et al.
2015b). Bacterial VOCs present a new unexplored area in biodiversity prospecting.
Though significant development has been achieved in comprehending VOCs utility
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in plant growth under laboratory environments, still we lack behind in employing
this information under field environments. Comparatively, new experiments carried
out on volatile uses under open-field environment advocates that VOCs can be use-
ful in activating resistance against both phytopathogens and herbivores (Song and
Ryu 2013; Sharifi and Ryu 2016). We further require improving in conditions for
the efficient utilization of volatiles under field conditions. But, there are lots of
restrictions related to the field use of bacterial volatiles, for instance, (a) detection
of biologically active volatiles, (b) upgrading the level of precise volatiles or mix-
ture of volatile molecules, and (c) utilization at field stages. One of the most intri-
cate parts of bacterial volatiles is their physicochemical characteristics. For example,
2,3-butanediol field applications of tobacco result in considerable suppression of
disease sign, but no important influence was reported when cucumber plants was
nursed to battle with phytopathogen P. syringae (Cortes-Barco et al. 2010; Song and
Ryu 2013). On the other hand, a synthetic volatile blend depending on the configu-
ration of the VOCs (mostly alcohols and esters) impersonated the suppressing
results of the natural VOCs secreted by Saccharomyces cerevisiae on citrus black
spot originated due to the fungus Guignardia citricarpa postharvest. Therefore,
volatiles secreted by yeast of synthetic blend can work as a potential process to
manage citrus black spot or other postharvest diseases (Fialho et al. 2010, 2011).
Presently, bacterial volatiles are effectively employed at field stage as foliar spray
and by soil drenching. However, there are no parallel reports that present an
improved perception of efficient and advanced techniques for field utilization.

10.7 Conclusion and Future Prospects

Latest information related to bacterial volatile organic compounds increased our
comprehension that these small molecules can significantly assist in the growth and
development of crop plants. But, still additional field experiments and data are
required to improve the efficacy and importance of these molecules. We all are well
versed with the harmful impacts of synthetic chemicals on human and crop health.
Moreover, genetically modified crops can serve as a substitute, but majority of the
world is still not accepting these crops due to various constraints. Thus, there is a
need to adopt substitute to synthetic chemicals, presented in the form of bacterial
volatiles as they are novel, cost effective, competent, and environmental friendly,
which can be used for crop welfare.
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Abstract

Investigation on antagonism, to follow competition between target pathogen and
biocontrol agent is the main step to select the effective candidate in vitro and
in vivo conditions. Rhizosphere is a harbour of bacteria and fungi. Their interac-
tions and ongoing communication network are in balance and continued with
prominent molecules mediating this signal traffic ‘volatile organic compounds’
(VOCs). Volatile compounds emitted by different soil bacteria affect the growth
of plants and gene expression. Bacterial volatiles can have an important role in
communication and antagonistic interactions within the soil bacterial commu-
nity. In this complicated microflora, to decipher the chemical language through
microbial interactions will be beneficial for sustainable control measurements.
Here we evaluated volatile-mediated interactions of a microbial community
mimicking the natural conditions in the heterogeneous soil environment along
the rhizosphere. This chapter summarizes biological and ecological significance
of VOC-mediated resistance and briefly provides updated knowledge on this
concept.
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11.1 Introduction

Soil microflora is a very complex fauna sheltering different microorganisms and
bacteria which is one of the major inhabitants of soil rhizosphere that is a part of
under the influence of the plant roots. This microflora directly and indirectly has an
influence on both plant growth and resistance to pathogens. Bacteria form coloniza-
tion using root exudates and their secretions to create antagonistic microflora for
inhibiting pathogenic microorganism causing plant disease and promoting plant
growth. Therefore, they have been used as a bio-fertilizer to enhance nitrogen fixa-
tion and solubilization of required elements for plants besides phytostimulator and
biocontrol agents (Correa et al. 2009; Sumayo et al. 2013).

Moreover, volatiles emitted from rhizobacteria have plant growth promotion
effect by regulation of secreted hormones depending on signalling cascades
(Bhattacharyya et al. 2015a, b). As in practice these properties are beneficial for
seed treatment and soil drenching (Yu and Lee 2013). Numerous dynamic interac-
tions are occurring in rhizosphere that changes nutrient transformation and exchange
of genetic material within microorganisms. These cases directly have an impact on
microbiome and characteristic property of rhizosphere. In some special circum-
stances, microbiome balance is disrupted by unconscious treatments on soil that
impairs dynamism of microflora (Chowdhury et al. 2013). The beneficial microor-
ganisms are efficient tool to rearrangement of this impairment on microbial com-
munity. Some commercial biocontrol agents are available in the purpose of
remediation of microbiome. On the other hand, shifting of bacterial community has
importance in view of structural changing in rhizosphere of certain cultivated plants
(Kozdroj 2008).

Different inhibitory mechanisms of beneficial bacteria such as iron depletion,
respiratory poison, antibiotic secretation, emited volatiles reduce virulence and help
to plants for combating with disease caused by plant pathogenic fungi. As another
concept, induced systemic resistance using non-pathogenic bacteria stimulates plant
defence and activation of signalling pathways related to responsive genes in planta
(Baysal et al. 2008). Our recent study showed that decomposition of essential oils
by Enterobacter sp. results in production of indole-3-acetic acid with chitinase that
inhibits growth of pathogens (Silme and Baysal 2016).

This chapter is particularly focused on recent findings on volatile compounds of
bacteria considering their effects on plant pathogenic fungi and its possible use in
practice.

11.2 Volatile Compounds of Bacteria and Its Effect on Plant
Pathogenic Fungi

Plant pathogenic fungi cause economic severe losses on crops and threats to produc-
tion yield in the world. Therefore, environmentally friendly control methods are
necessary to minimize the problem in infected fields. Although chemicals are pre-
ferred to effectively control of disease, pathogen develops resistance to these
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compounds, which globally affects food security. Volatile compounds emitted by
non-cyanogenic bacteria would be used in practice if it had no toxicity (HCN pro-
duction) and lack of specificity. These disadvantages result in limitation in practice.
Integrated pest management strategies involve with less toxic application and meth-
ods based on biocontrol approaches. Some major pathogens are not cultivated in
in vitro condition, because they have obligate parasites and biotrophic life manner.
Within control strategies, antagonistic property depending on cell wall-degrading
enzymes of microorganism is considered to be an efficient weapon for selected
biocontrol agents; until now their volatile-mediated antagonistic effect has been
ignored. Whereas this effect can be suggested in order to improve effective strate-
gies to obligate pathogens. For instance, a common pathogen caused by Rhizoctonia
solani infecting fields of cultivation can be controlled by volatile-mediated antago-
nistic bacteria (Kai et al. 2007).

In sight of these knowledge, updated research results are summarized in
Table 11.1. The bacteria genus belonging Pseudomonas and Bacillus are relatively
more efficient rather than other species for biocontrol purposes.

When recent literatures are taken into account, pH level has no enhancer or
diminishing effect on volatile-mediated antagonistic effect; also these similar
results on growth-promoting volatiles in plants have been reported (Bailly and
Weisskof 2012).

Our recent findings showed that the production of 3-hydroxy-2-butanone (acet-
oin) by EUO7 and FZB24 is a prominent property that can be correlated with bacte-
rial VOCs (acetoin or 3-hydroxy-2-butanone) that can serve as agents for triggering
growth promotion as observed in Arabidopsis thaliana (Baysal et al. 2013).
Previously, we reported similar observations in which EUO7 treatment of plants
resulted in increased plant height in comparison to that observed with QST713
(Baysal et al. 2008). External applications of commercial acetoin and 2,3-butanediol
obtained by two Bacillus species resulted in a dose-dependent stimulation of plant
growth (Chen et al. 2008). Moreover, the production of acetoin and 2,3-butanediol
by plant growth-promoting bacteria (PGPR) has been reported to increase systemic
disease resistance and drought tolerance (Wan et al. 2008; Huang 2012). Therefore,
these properties can be associated with VOC’s stimulation effect and indirectly
induction of resistance.

Interestingly our MALDI-TOF MS analyses indicated that genes related to the
GacA system may also be involved in the Bacillus-pathogen interactions. GacA has
been previously suggested to be an essential system for the synthesis of extracellu-
lar protease and secondary metabolites (Kobaisy et al. 2001). The GacS/GacA sys-
tem was also shown to be associated with the production of antibiotic compounds
(Ann 2012) that display a possible correspondence with VOC’s production.

Methylation of small molecules and macromolecules has importance to be cru-
cial in metabolism, cell signalling and epigenetic programming. It can be conferred
by SAM-dependent methyltransferases (Vespermann et al. 2007; Alimi et al. 2012).
Actual studies showed SAM synthetase and other methyltransferases were identi-
fied to play a role in phenylpropanoid biosynthesis and in signal transduction on
another soilborne pathogen (Ting et al. 2011; Elshafie et al. 2012).
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It is known that 1-aminocyclopropane-1-carboxylic acid (ACC) synthase con-
verts S-adenosylmethionine (AdoMet) into ACC that changes to ethylene by ACC
oxidase. PGPR may enhance plant growth by lowering a plant’s ethylene levels. In
these cases, the immediate precursor of ethylene is ACC. This compound is hydro-
lysed by bacteria-expressing ACC-deaminase activity (Ting et al. 2011; Elshafie
et al. 2012). Although the details of the molecular interactions remain to be unclari-
fied, the ethylene and cytokinin signalling pathways appear to be involved in growth
promotion induced by VOCs (Yuan et al. 2012). The volatiles of Bacillus subtilis
GBO03 and B. amyloliquefaciens IN937a have been ascribed as 2R-R butanediol, and
acetoin is also a precursor of this molecule (Syu 2001). Volatile-mediated signalling
is a complicated case and transduction mechanism related to hormone regulation in
which cytokinin, ethylene, auxin, salicylic acid and jasmonic acid pathways play
different roles (Ryu et al. 2005; Cho et al. 2008). Indole-3-acetic acid (IAA, 3-IAA)
is a natural plant hormone of the auxin class (Simon and Petrazek 2011). Our recent
study showed to degradation of essential oils by Enterobacter sp. that causes pro-
duction of indole-3-acetic acid with chitinase and inhibition on pathogen growth
(Silme and Baysal 2016). From this aspect, salicylic acid signalling pathways may
be considered to be a precursor of PR-related protein induction; therefore, it can be
hypothesized that VOC-mediated resistance can be related to auxin metabolism and
activation of PR proteins through salicylic acid signalling.

Our detected upregulated protein yuaE (gil154687215) (function unknown and
unique) obtained from EUO7 showed similarity to SAM-dependent methyltransfer-
ases; the same mechanism in the inhibition of soilborne pathogens can be suggested.
There are also upregulated two-response regulator protein (gil76667926) and two-
component response regulator related to signal transduction, which shows that sig-
nalling is active (Baysal et al. 2013). SAM-dependent methyltransferases are highly
likely to be responsible for pathogen inhibition in the early phase of recognition in
addition to the known cell wall-degrading enzymes, acetoin and other components.
Therefore, these cases can be a precursor of initiation as resistance response to
pathogen secreted by VOC-mediated antifungal activity of a biocontrol agent that
results in suppression on soilborne pathogen. VOC-mediated antifungal activities of
bacterial strains are occurring through inorganic volatiles such as HCN or ammonia
(NH;) (Kai et al. 2010; Trivedi et al. 2011), which inhibits the growth of fungi and
secretion of inhibiting compounds. Dimethyl di-trisulphide and other sulphur com-
pounds, benzaldehydes and long-chain ketones like 2-undecanone or 2-nonanone
have been identified as antifungal compounds that their effects can change minor
level depending on pH (Fiddaman and Rossall 1993).

11.3 Open Questions and Future Challenges

Recent studies based on volatile-mediated antifungal activity of bacteria are popular
subject that attracts researcher interests for sustainable agriculture and eco-friendly
approach to limit chemical use as alternatives in organic farming. Rhizobacteria
using volatiles to inhibit fungal disease will be a new control strategy that would be
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a practical application. Further studies will contribute to understand volatile-
mediated mechanism more in detail that new compounds can be elucidated, which
can be used in practice for agricultural purposes. Further studies are required to
detect and identify new bio-agent candidates with high potential in view of VOC-
mediated resistance activity to control pathogenic fungi that cause yield and quality
losses in many parts of the world.

In this context, new studies should be carried out using transcriptomics and pro-
teomics to understand the behaviour of biocontrol agents and plant interaction under
different stress conditions (abiotic-biotic) that will help in improving maintainable
and sustainable approach and deciphering mysteries of microbial communication
that is indispensable knowledge for integrated pest management strategies.
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Abstract

The soil is one of the main habitations of fungi and bacteria. Their interactions
are part of a communication web that keeps microhabitats in balance in this
amphitheater. Protuberant negotiator molecules of these inter- and intra-
organismic relationships are inorganic and organic microbial volatile compounds
(MVOCs). Various mixtures of gas-phase and carbon-based compounds are
called volatile VOCs produced by microbes and have the capability to diffuse
through the atmosphere and soils due to their small size. The volatile organic
compounds benzothiazole, cyclohexanol, n-decanal, dimethyl trisulfide, 2-ethyl-
1-hexanol, and nonanal are emitted by microorganisms. VOCs have possible
potential as an alternative to harmful pesticides, fungicides, and bactericides as
well as genetic modification. They play an important role in the inhibition of
sclerotial activity, limiting ascospore production, and reducing disease levels in
plant pathogenic fungi. Their role as below- and aboveground signals has been
established decadely. Recently it is suggested evidently that they might have an
important role in below- and aboveground level and involved in microbial-root
interactions. Similarly, microbial VOCs appear to be involved in antagonism,
mutualism, intra- and interspecies regulation of cellular and developmental pro-
cesses, and modification of their surrounding environments. Various researchers
specify that the MVOCs might provide an alternative to the use of chemicals to
protect plants from pathogens and provide a setting for better crop welfare. It is
well known that MVOCs can modify the plant physiology and microorganisms.
In this assessment, we suggest that MVOCs can be exploited as an eco-friendly,
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cost-effective, disease-resistant, and sustainable strategy for agricultural prac-
tices. Our effort is making a comprehensive chapter of below- and aboveground
interactions of microbial volatile diversity and their role against pathogenic
fungi.

Keywords
Bacteria * Ecological agriculture * Fungi * Microbial volatile compounds

12.1 Introduction to Microbial Volatile Organic Compounds
(MVOCs)

In earthly environments microbes such as fungi and bacteria live in the complex
multi-species linkages (Frey-Klett et al. 2011; Hung et al. 2015; Schmidt et al.
2016). In these complexes, both fungi and bacteria formed secondary metabolites of
various biochemical classes in excess quantity (Schulz and Dickschat 2007; Morath
et al. 2012; Muller et al. 2013). Antibiotics and antibiotic like substances or signal-
ing molecules and diffusible molecules of various secondary metabolites are impor-
tant in interactions between fungi and bacteria (Frey-Klett et al. 2011; Haq et al.
2014). The mixture of volatile organic compounds (VOCs) such as alkenes, alco-
hols, ketones, terpenes, benzenoids, pyrazines, acids, and esters mainly is released
by bacteria, whereas alcohols, benzenoids, aldehydes, alkenes, acids, esters, ketones
and their derivatives of benzene, and cyclohexanes mainly are released by the fun-
gal microbes (Chiron and Michelot 2005; Korpi et al. 2009; Ortiz-Castro et al. 2009;
Piechulla and Degenhardt 2014).

These carbon-based solid and liquid volatile compounds are released by soil
microbes, which freely enter in the gas phase by evaporating at 0.01 kPa approxi-
mately at temperature 20 °C (Pagans et al. 2006). Mostly these volatile organic
compounds are small compounds (up to C20) with low molecular mass (<400 Da)
and have high vapor pressure, low boiling point, low polarity, and a lipophilic moi-
ety (Vespermann et al. 2007). The lipophilic solutions of volatile compounds are
freely crossing the membranes (Pichersky et al. 2006; Wheatley 2002). These
physico-chemical properties accelerate the diffusion and vaporization in soil as well
as zone of the rhizosphere through gas filled pores and water (Schmidt et al. 2015)
and stimulate the plant interaction and communication with the surrounding ecol-
ogy (Dudareva et al. 2006). Emissions of volatile by microbes such as bacteria and
fungi have been studied by several novelists for a long time (Stotzky and Schenck
1976; Kai et al. 2009). The production of volatile is species-specific and work as
infochemicals for inter- and intra-organismic communications, cell-to-cell state-
ment signals, a potential carbon discharge valve, or growth-inhibiting agents (Kai
et al. 2009). The mode of action of inhibition, when it includes one phytopathogen
microbe among interrelating organisms, will be of attention to investigators in
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regions such as phytopathology, soil destruction, and biocontrol. In agriculture,
microbial VOCs have been used as part of biological control strategies to prevent
the growth of plant pathogens.

These volatiles played important role in the food chain of microbes because they
are assimilated into organic matter; stimulate the biological machinery such as lac-
case activity, nitrification, nitrogen mineralization, etc.; worked as electron accep-
tors or donors for support of metabolic reactions; played an important role in
quorum sensing/quenching; and are actively used in defense mechanism and com-
munication signals (Effmert et al. 2012). The efflux of volatile organic compounds
(VOCs) examined by enormous readings from terrestrial ecosystems has focused on
the production of such substances by plants (Kesselmeier and Staudt 1999).They
are formed mainly by oxidation of glucose from various intermediates (Korpi et al.
2009). The underlying biosynthetic pathways are aerobic, heterotrophic carbon
metabolism, fermentation, amino acid catabolism, terpenoid biosynthesis, fatty acid
degradation, and sulfur reduction (Penuelas et al. 2014). The VOCs like alkanes,
alkenes, alcohols, carbonyls, esters, isoprenes, terpenes, and acids can influence the
communication between microorganisms and plants (Kesselmeier and Staudt 1999;
Ryu et al. 2005; Kai et al. 2006). Volatile and nonvolatile organic compounds pro-
duced by microbes have received much attention and demonstrate strong inhibition
against fungal phytopathogen (Xu et al. 2004; Fernando et al. 2005). These antago-
nists can be bacteria, like Pseudomonas spp., and other beneficiary fungi, such as
Trichoderma spp. (Minerdi et al. 2009), serve as signaling molecules mediating
plant-microbe interaction. Microbial volatile organic compounds released by
microbes like bacteria and fungi could inhibit the germination of spore and growth
of phytopathogenic fungi (Fiddaman and Rossall 1994); it is suggested that VOCs
released by bacteria and other microbes against some soilborne fungal diseases
could be a mechanism of biocontrol (McKee and Robinson 1988), or these can act
as antibiotics and cause growth inhibition and have more injurious effects on patho-
genic microorganisms. The release of VOCs by microbes of soil has been reported
to stimulate the growth of the plant (Ryu et al. 2003) and encourage complete resis-
tance in crops. Currently, some microbial volatile compounds are accessible for
field applications (Farag et al. 2013; Chung et al. 2016). Rhizobacterial isolates
reported previously, such as Serratia plymuthica, Serratia odorifera,
Stenotrophomonas maltophilia, Stenotrophomonas rhizophila, Pseudomonas fluo-
rescens, and Pseudomonas trivialis, secrete intricate mixtures of volatiles that con-
strain the growth of Rhizoctonia solani (Kai et al. 2006). In this chapter, we can
contribute our scientific literature and current knowledge about microbial VOCs
(Fig. 12.1), which emphasize on current improvements in our capability to isolate
and recognize the VOCs and their potential for exploitation in biotechnological
prospects, as well as on stimulating novel outcomes against biocontrol of fungal
phytopathogens.
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Fig. 12.1 The microbial volatile organic compounds that contribute our knowledge in various
subdisciplines

12.2 Microbial VOC Collection and Detection Methods

Due to technological and methodological constraints, the study of fungal volatiles
has protected behind the study of other fungal metabolites. Furthermore, the pro-
duction of VOCs is biologically active. The profile of VOCs will differ, and it com-
pletely depends on the substrate, incubation period, nutrients media, temperature,
and various environmental factors of given strains or species (Pasanen et al. 1997;
Nilsson et al. 2004; Fiedler et al. 2005). There has been significant progress in the
separation of various compounds over the last half century. The volatile organic
compounds released by fungi are detected by gas chromatography-mass spectrom-
etry (GC-MS) and high-performance liquid chromatography (HPLC) which are
used recently due to its powerful separation and highly sensitive detection abilities
(Matysik et al. 2009).The solid adsorbent such as Tenax can be used for the concen-
tration of culture headspace, followed by thermal desorption into the GC-MS. After
that, the volatile compounds are identified by using a database or library of mass
spectra or by comparative study of known standards of retention times and spec-
trum. Solid-phase microextraction (SPME) is another method of adsorbing and
desorbing VOC:s in culture headspace. This method has become popular in current
years because it decreases the time of preparation by combining extraction, concen-
tration, and introduction into one step while increasing sensitivity over other extrac-
tion methods (Zhang and Li 2010). Shortest profiling of living fungal cultures can
be mechanized for headspace-SPME-GC-MS (Stoppacher et al. 2010). The GC-MS
cannot determine novel volatile novel compounds; this is the drawback. The tradi-
tional method for vapor distillation and solvent extraction simultaneous distillation
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extraction (SDE) is used to the determination of VOCs from Penicillium roqueforti
and compares to SPME method (Jelen 2003). Selected-ion flow tube-mass spec-
trometry (SIFT-MS) provides trace VOCs in moderately complex gas mixtures rap-
idly. The VOC production from Aspergillus, Candida, Mucor, Fusarium, and
Cryptococcus species also is detected by this technique (Scotter et al. 2005).
Secondary electrospray ionization-mass spectrometry (SESI-MS) is a real-time
clinical diagnostic tool for bacterial infection. It is known that volatile organic com-
pounds (VOCs), produced in different combinations and quantities by bacteria as
metabolites, generate characteristic odors for certain bacteria. Secondary electro-
spray ionization-mass spectrometry (SESI-MS) is a powerful VOC determination
tool for bacteria. The instrument proton transfer reaction-mass spectrometry
(PTR-MS) and GC/MS determine the profile of volatiles emitted by Xanthomonas
c. pv. vesicatoria (Weise et al. 2012). PTR-MS can be used to quantify fungal VOCs
since it has a fine detection capability and a fine scale time response (Ezra et al.
2004a). Additionally, analyses can be run in real time without sample preparation,
derivatization, or concentration with the advantage of having sensitivities is compa-
rable to GC-MS. This technique has been used to quantify the VOCs of Muscodor
albus (Ezra et al. 2004a). Carbotrap A and B (Supelco) and bentonite-shale materi-
als were used for trapping and collection fungal VOCs. These compounds were
placed in a stainless steel column and were recovered; further separation and analy-
sis of potential are determined by nuclear magnetic resonance (NMR) spectroscopy
to identify innovative compounds produced by fungi (Booth et al. 2011). An advance
technique used for the detection of volatile compounds is called electronic nose. A
multi-sensor array has an information processing unit with pattern recognition soft-
ware and reference library and combines in e-nose system (Wilson and Baietto
2011). The VOC production studies investigated from various microbes and mixed
microbial communities of soil by various techniques are listed in Table 12.1.

12.3 Plant Microbe Interactions and Biocontrol

The microbial VOCs have the potential for biotechnological applications in agricul-
ture, pharmaceutical, and medicine industry. In the field of agriculture, the micro-
bial VOCs have their potential in biological control (biocontrol) agents to control
the fungal pest to employ pest management strategy by reducing chemical fungicide
use on crop plants. Volatiles are important in the functioning of both atmospheric
(““aboveground”) and lithospheric ecosystems (“belowground”). The inhibition of
pathogenic fungi at below- and aboveground by the emission of MVOCs is given in
Fig. 12.2.

12.3.1 Belowground Effects on Aboveground Diversity

The resources of high diversity and microbial species in soil could feed back to a
high diversity above ground, where various species or functional groups of volatile
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Fig. 12.2 Inhibition of pathogenic fungi at below and above ground by the emission of MVOCs

compounds are diligently connected to belowground groups (Van der Heijden et al.
1998). A positive correlation was found between the plant diversity and species of
endomycorrhizal fungi potentially since the various fungal species contaminate the
different plant’s species, though another justification exists for the arrangements
they detected (Morath et al. 2012). However, this type of design does not embrace
at the measure of well-designed types of mycorrhizae: The high diversity of plants
can be associated with low-diversity arbuscular mycorrhizal communities and low
diversity of plants to high-diversity ectomycorrhizal communities (Allen et al.
1995). The belowground populations of microbes also distress the nutrient avail-
ability and litter collection. The response through these mechanisms could stimulate
the diversity of aboveground communities, while the indication for such response is

mixed.
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12.3.2 Interaction of Belowground Microbes

The failure of propagules of fungi to propagate or the inhibition of fungal hyphae
growth in favorable atmospheric conditions by soil fungistasis (Watson and Ford
1972) has been postulated to happen because of the release of inhibitory compounds
or competition for nutrients in the soil. The growth of three fungal species is inhib-
ited by these volatile compounds, Paecilomyces lilacinus, Pochonia chlamydospo-
ria, and Clonostachys rosea, suggesting that the occurrence of volatile fungistasis
may not need the direct competition between soil microorganisms and may have a
different mechanism than direct fungistasis (Xu et al. 2004). VOCs can infiltrate
air-filled pores of soil and cover long distances; this situation completely depends
on the properties of the habitat (Aochi and Farmer 2005). For example, without any
direct contact between the strains, Fusarium oxysporum is the wild-type antagonis-
tic released volatiles and the fungal growth of a plant pathogenic strain of F. oxys-
porum inhibited by its bacterial consortium (Minerdi et al. 2009). This type of
properties may make fungal VOCs as a valuable addition to biocontrol strategies.
The soilborne diseases can be controlled by VOCs released from endophyte M.
albus. When it is mixed in soil, it controls disease of damping-off of broccoli of
Rhizoctonia solani and root rot of bell pepper disease caused by Phytophthora cap-
sici (Mercier and Manker 2005).

12.3.3 Interaction of Aboveground Microbes

The novel species of endophytic fungi are isolated from beneath the epidermal cell
layer tissues of plants. There is no harm caused by endophytic fungus that lives
within their host plant (Bacon and White 2000). The endophytic fungus releases a
mixture of VOCs which provide additional lines of resistance against phytopatho-
gens; it may benefit to host plant (Macias-Rubalcava et al. 2010). For example, the
VOCs produced by Muscodor albus resist the growth and eradicate plant pathogenic
microbes such as fungi and bacteria (Strobel et al. 2001). Moreover, the other isolate
like Muscodor yucatanensis and Muscodor fengyangensis also produced the VOCs
and inhibited the growth of various pathogenic species of bacteria, fungi, and oomy-
cota (Atmosukarto et al. 2005; Macias-Rubalcava et al. 2010; Zhang et al. 2010).
Conclusively, the mixture of VOCs produced by Muscodor crispans repressed the
growth of a wide range of phytopathogens such as Mycosphaerella fijiensis fungi
(the black sigatoka pathogen of bananas) and the severe bacterial pathogen of citrus,
Xanthomonas axonopodis pv. citri (Mitchell et al. 2010). The VOCs released by
Muscodor sp. (Strobel et al. 2001) have esters, alcohols, lipids and ketones, while a
unique mixture of VOCs such as sabinene (a monoterpene with a peppery odor)
formed in a Phomopsis species and a mixture of other compounds such as 1-butanol,
3-methyl, benzeneethanol, 1-propanol, 2-methyl, and 2-propanone are also deter-
mined in this species (Singh et al. 2011). Mixtures of commercially available com-
pounds, such as valencene and bulnesene, and chemically synthesized mixtures of
VOCs, such as 3-methylbutyl ester, 2-methyl, propanoic acid, and 1-butanol,
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3-methyl-, acetate, were tested against the phytopathogens and generated related
inhibitory effects to the M. albus-manufactured VOCs (Strobel et al. 2001).
However, when the mixture of VOCs was split down into numerous classes of com-
plexes, the same inhibitory properties were not attained, suggesting that it is the
collection of VOCs that contributes to the antifungal movement (Strobel et al. 2011).

12.4 Inhibition of Germination and Mycelial Growth
of Phytopathogenic Fungus by Bacterial Volatiles

Dobbs and Hinson (1953) illustrated the phenomenon of fungistasis, which can be
on the growth and germination of soilborne fungi due to the negative influence of
bacterial volatiles. The volatiles manufactured by Streptomyces griseus encouraged
early sclerotia construction in Sclerotium cepivorum and Rhizoctonia solani and
reduced sporulation in Gloeosporium aridum (Morath et al. 2012). The volatile but-
3-en-2-one fashioned by Streptomyces griseoruber caused the strong inhibition of
spore germination in Cladosporium cladosporioides (Herrington et al. 1987).
Approximately 1080 isolates of bacteria screened out for fungistatic action by Zou
et al. (2007), in which the 328 isolates belong to the family of Xanthomonadaceae,
Rhizobiaceae, Alcaligenaceae, and Micrococcaceae and to the order of Bacillales
that were recognized as declining the mycelial growth and the germination of
Paecilomyces lilacinus and Pochonia chlamydosporia. For the inhibition of spore
germination in both fungi, the soil direct fungistasis and soil volatile fungistasis
were responsible. Simultaneously both properties of fungi carefully diminished the
spore germination and vanished after autoclaving. Numerous volatiles were recog-
nized, but the trimethylamine, benzaldehyde, and N,N-dimethyl octylamine dis-
closed the strong antifungal activity (Chuankun et al. 2004). The investigational
operations confirm that merely volatile metabolites would stimulate fungal growth.
The comprehensive studies are directed using various bacterial species like Bacillus
subtilis, Pseudomonas fluorescens, Pseudomonas trivialis, Burkholderia cepacia,
Staphylococcus epidermidis, Stenotrophomonas maltophilia, Stenotrophomonas
rhizophila, Serratia odorifera, and Serratia plymuthica; all rhizospheric bacteria
repressed the mycelial growth of phytopathogenic fungi, such as Fusarium culmo-
rum, Aspergillus niger, Fusarium solani, Paecilomyces carneus, Microdochium
bolleyi, Phoma eupyrena, Penicillium waksmanii, Phoma betae, Sclerotinia sclero-
tiorum, Rhizoctonia solani, Trichoderma strictipile, and Verticillium dahliae
(Vespermann et al. 2007; Kai et al. 2008). The individual bacteria-fungus combina-
tion depends upon the amount of inhibition. Remarkably, the Fusarium solani
turned out to be resilient against the bacterial volatiles. Many unknown bacterial
volatile compounds are also manufactured, but some compounds such as dodecanal,
dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS), 2-phenylethanol, and
l-undecene could be identified (Kai et al. 2006). In dual-culture experiments,
dimethyl disulfide and 1-undecene compound are applied particularly which inhib-
its the growth of F. culmorum definitely (Kai et al. 2009). Another report also deep-
rooted the antifungal act of volatiles manufactured by hostile rhizospheric bacteria.
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The growth of fungus Gaeumannomyces graminis var. tritici is completely inhibited
by Pseudomonas fluorescens and Pseudomonas pumila bacteria which cause take-
all disease (TAD) in Triticum aestivum crop (Yang et al. 2011), and the growth of
Fusarium oxysporum is decreased by Gluconacetobacter diazotrophicus
(Logeshwarn et al. 2011), Bacillus subtilis, B. pumilus, and B. cereus slowed down
the development of Botrytis mali fungus (Jamalizadeh et al. 2010). The bacterium
B. subtilis exhibited antifungal bustle against Aspergillus alternate, Cladosporium
oxysporum, Fusarium oxysporum, Paecilomyces lilacinus, Paecilomyces variotii,
and Pythium afertile (Chaurasia et al. 2005), and Rhizoctonia solani and Pythium
ultimum (Fiddaman and Rossall 1993), Phytophthora sojae caused the damping-off
disease in soybean diminished the growth by Bacillus spp. (Tehrani et al. 2002).
Paenibacillus polymyxa produced 1-octen-3-ol, benzothiazole, and citronellol vola-
tile, which strongly inhibited the mycelial growth and reduced propagation of eight
mycological pathogens, including Botrytis cinerea (Zhao et al. 2011). Pseudomonas
sp. released volatiles, which inhibited up to 90% ascospore germination, isolated
from canola and soybean plants (Fernando et al. 2005). The growth inhibition
exposed in various fungal pathogens directly by volatile compounds of rhizospheric
bacteria Bacillus pumilus and mycorrhizal fungus Glomus mosseae in mandarin
plants and improves the growth of it (Chakraborty et al. 2011). The antifungal deriv-
ative compounds 2-phenylethanol and phellandrene were identified from
Streptomyces platensis, which were responsible for clamping down the growth of
mycelium in Rhizoctonia solani, Sclerotinia sclerotiorum, and Botrytis cinerea phy-
topathogenic fungus (Wan et al. 2008). Various Pseudomonas spp. recognized for
HCN production as active antifungal compounds (Voisard et al. 1989; Haas and
Défago 2005), though the HCN production could be associated with fungistasis and
its antifungal effect and verified only in in vitro conditions. In dual-culture tests, the
rhizobacterial isolates were screened out for HCN production and diffusible anti-
fungal metabolites, and it is tested against Verticillium dahliae and Rhizoctonia
solani in greenhouse experiments (Tehrani et al. 2001; Afsharmanesh et al. 2006).
Extraordinarily, the HCN manufacturers revealed utmost productivity when func-
tional to the topsoil, whereas non-manufacturers were more competent when applied
to seeds. The conidial germination of Botrytis cinerea and Penicillium nigricans
fungus is inhibited by ammonium sulfate solution and ammonia discharge from
soil. But there were no any effects of ammonia seen on the fungi Fusarium culmo-
rum and Verticillium nigrescens. Volatiles released by bacteria against phytopatho-
genic fungi with a focus on major crop pathogens are shown in Table 12.2.

12.5 Effect of Bacterial Volatiles on Fungal Morphology

Morphological changes in fungi have been seen after the treatment of bacterial vola-
tiles in various experiments. Volatiles secreted by Bacillus subtilis bacterium caused
the abnormality in hyphae with deformations and enhanced the vacuolation in
Rhizoctonia solani and Pythium ultimum (Fiddaman and Rosall 1993). The septa of
fungi totally vanished and conidia converted thick-walled and asymmetrical in
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shape in Aspergillus alternaria due to bacterial volatiles produced Bacillus subtilis.
It also instigated hyphae and conidial deformations in Cladosporium oxysporum,
Fusarium oxysporum, Paecilomyces lilacinus, Paecilomyces variotii, and Pythium
afertile (Chaurasia et al. 2005). Volatiles emitted from Staphylococcus pasteuri
showed swollen and contorted patterns in fungal mycelium after treatment with
1-octen-3-ol (Barbieri et al. 2005). The germination of fungal spores and growth of
hyphae can be inhibited by bacterial volatiles (Herrington et al. 1987). Moreover,
the bacterial volatile exposure has been reported to change the enzyme activity,
fungal morphology, and gene expression (Vespermann et al. 2007; Minerdi et al.
2009; Kai et al. 2009; Garbeva et al. 2014b). For instance, the activity of laccases
and tyrosinases can be intensely affected by bacterial volatiles (Wheatley 2002).
The amount of prevention depends on the specific fungus-bacteria or fungus-fungus
interaction, and sensitivity to volatiles can differ between various fungal species
(Vespermann et al. 2007; Garbeva et al. 2014b). There is no effect on F. solani by
bacterial volatiles, while the Pythium species (oomycetes) are extremely sensitive to
bacterial volatiles reported in various experimental studies (Effmert et al. 2012;
Garbeva et al. 2014a). The fungus O. latemarginatus produced volatile which is
slightly resistant against F. oxysporum, whereas Magnaporthe grisea was sensitive.
Recently, it is observed that the late blight oomycete pathogen Phytophthora infes-
tans was highly sensitive to bacterial volatiles. The hydrogen cyanide and 1-undecene
volatile compounds were responsible for the growth resistant of fungi (Hunziker
et al. 2015).

12.6 Influence of Bacterial Volatiles on Mycorrhizal Fungi

In plant roots, a complex symbiotic community of mycorrhiza, which is associated
with fungi and bacteria, was found (Jung et al. 2012). Mycorrhiza also reduced the
activity of phytopathogenic fungi directly due to physical contact and also releases
the volatile compounds playing a monitoring character in a mycorrhizal machinery
establishment (Bonfante and Anca 2009). The mycorrhiza helper bacteria (MHB)
associated with rhizobacteria released volatile compounds, which have toxicity
against the phytopathogenic fungi (Miransari 2011). Various fungal volatiles also
showed the growth inhibition and spore germination to other fungal species. The
endophytic fungi such as Muscodor albus and Oxyporus latemarginatus intensely
exhibited the inhibitory effect on the growth and development of numerous phyto-
pathogenic fungi, i.e., Botrytis cinerea and Rhizoctonia solani (Strobel et al. 2001).
It is also reported that the volatiles are released from Muscodor albus to kill the
fungus of human pathogens like Aspergillus fumigatus and Candida albicans
(Strobel et al. 2001). However, the fungi have symbiotic relationship with bacteria.
Hyphae of Fusarium oxysporum associated with bacteria release the volatile sesqui-
terpene caryophyllene, which suppressed the expression of two virulence genes.
And when it is cured from the bacterial symbionts, caryophyllene was not detected,
and F. oxysporum became pathogenic (Minerdi et al. 2009).
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12.7 Microbial VOCs as Chemical Weapons Against Other
Microbes

Several microbes like bacteria and fungus that are well furnished with this type of
weaponry have been used as biocontrol agents to manage phytopathogens (Pal and
McSpadden Gardener 2007). Several bacteria that released the volatile organic
compounds have been seen to inhibit mycelial growth and spore germination or
caused the abnormal morphological changes in fungi (Effmert et al. 2012). In the
in vitro and field experiments, it has been observed that some Pseudomonas spp.,
which are isolated from soybean and canola plants regularly, produced the volatile
organic compounds (VOCs) that inhibit the mycelial growth and germination of
sclerotia and ascospores of Sclerotinia sclerotiorum phytopathogen (Fernando et al.
2005). Some volatiles from these isolates such as cyclohexanol, benzothiazole,
n-decanal, dimethyl trisulfide, 2-ethyl-1-hexanol, and nonanal (Fig. 12.2) totally
inhibited the sclerotial germination and mycelial growth. VOCs like acetamide,
benzothiazole, 1-butanamine, benzaldehyde, methanamine, phenylacetaldehyde,
and 1-decene appear to play characters in fungistasis.

Some biocontrol fungi appear to service VOC to control pathogenic fungi (Bruce
etal. 2003; Humphris et al. 2002; Hynes et al. 2007). Various species of Trichoderma
have been shown to efficiently parasitize or constrain a wide range of soilborne
fungal pathogens by playing various mechanisms, like mycoparasitism, nutrient
competition, and secretion of inhibitory compounds and hydrolytic enzymes
(Harman 2011; Lorito et al. 2010). The VOC secreted from Trichoderma viride and
T. aureoviride that inhibits the growth and production of proteins from a wood-
rotting basidiomycete Serpula lacrymans. But there is no effect of 7. pseudokonin-
gii on any of the Serpula isolate tests (Humphris et al. 2002). F. oxysporum f. sp.
ciceris, a soilborne fungal pathogen that causes chickpea wilt disease, showed the
degree of growth inhibition by VOC secreted by numerous isolates of three
Trichoderma spp. The growth of lettuce plants improved via VOC secreted from F.
oxysporum strain MSA35 (Minerdi et al. 2011) and also released the VOC in the
presence of ectosymbiotic bacteria that inhibit the growth of pathogenic strains of F.
oxysporum (Bitas et al. 2013). Microbial volatile organic compounds secreted by
fungi against phytopathogenic fungi are given in Table 12.3.

12.8 Conclusion

We have arranged the data which collected from disparate scientific fields with the
determined of highlighting. Microbial VOCs are found abundantly with biotechno-
logical utility and they facilitate plentiful interactions between organisms through
different ecological niches. The study of nonvolatile natural products and their
chemical interactions are the best-known example. However, we have the assurance
that the advances in analytical and genomics techniques will produce much associ-
ated multidisciplinary cooperation, which focused on gas-phase organic molecules,
the research for microbial species anticipates in finding novel biotechnological
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products of volatile compounds. Usually, this chapter focused on the discovery of
secondary metabolites of industrially or other commercial values of VOCs, espe-
cially from soil microorganisms. These microbes may increase the wealth and pro-
duction of crops.
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Race of Arms: Herbivore-Induced 1 3
Volatiles and Their Co-evolution

Rabindranath Bhattacharyya and Raktim Bhattacharya

Abstract

Plants’ defence against herbivory is a long studied one. And among different
modes of defences, the use of volatiles by the plants is unique. The main idea
behind this use of volatiles is to call the potential predators for the herbivores.
Plants employ a strange strategy here, and this helps them to survive through any
major herbivore attack. They can even warn the neighbouring plants about the
coming of a possible attack. All these happen due to some volatile chemical
compounds emitted by the herbivore-infested plants. The goal of this chapter is
to study in detail the intricate relationship of plant, herbivore and carnivore in
this tritrophic ecosystem and to determine whether there is any role of evolution
and to calculate the overall ecological cost to govern this complex machinery of
life.

Keywords
Herbivory ¢ Plant defence ¢ Volatil chemicals © Tritrophic

13.1 Introduction

The relationship between herbivores and plants is a long studied one (Odum and
Barret 2005); all the relationships under the banner of plant-herbivore relationship
are not harmful. Some are antagonistic and some are mutualistic (Chapman and
Reiss 1999). Mutualistic relation between plants and herbivores benefits both the
groups. But the examples of this type of reaction are quite rare, apart from
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pollination and seed dispersal. But in this field, almost most of the relations are
antagonistic in nature, i.e. only one group of organism is benefitted and in most of
the cases the benefit goes to the herbivore (Molles 1999). The plants gain nothing
except losing biomass. So to deter herbivores over the time, plants devised many
defensive methods, such as chemical defences, mechanical defences, mimicry, cam-
ouflage, etc. (Kardong 2005). But among all these defensive methods, none is as
sophisticated as the mode of chemical defences. In this chapter we are going to
discuss a specific type of chemical defence used by the plants to protect themselves
against the herbivores, i.e. by using volatile chemicals.

One of the best studied plant defences against herbivores is the chemical defence.
Most of the plants produce a number of secondary metabolites, which are most of
the time derivatives of the primary compounds (Kardong 2005). These secondary
metabolites are stored in the leaf, root, bark, etc., and they provide the plants with
the weapons to deal with the herbivores. Some secondary metabolites taste bitter,
some pungent and some are even poisonous, so that in general herbivores used to
avoid these plants.

But among this quite large list of secondary metabolites, some chemicals are
there which are not directly involved in plant defences but used as volatile chemical
compounds, which are being released from the plant leaves when they are under
attack from the herbivores or any plant-feeding insects. If we want to state it in a
most general way, then it is; plants use these volatile chemicals as the mode of com-
munication between themselves (Taiz and Zeiger 2003). So when a particular plant
is under attack, it releases some of these chemicals so plants of same species in the
vicinity will get some sort of warning that a possible attack is coming. But this type
of communication mostly happens in case of pathogen attacks. Plants normally
respond to pathogen attacks by secreting two volatile compounds, viz. salicylic acid
and jasmonic acid (Ozawa et al. 2000). By using these two most common volatile
compounds which also act like plant growth regulators, plant communicate within
them sending warning about an increasing pathogen attack (Taiz and Zeiger 2003).

The goal of this chapter is to explore the different volatile chemical compounds
released by the plants which are also known as herbivore-induced volatile com-
pounds (HIVC) and their effects on herbivores as well as their overall impact on the
ecosystem.

13.2 Types of Herbivore-Induced Volatiles

The herbivore-induced volatile compounds (HIVC) are broadly classified in two
different groups as follows (Dicke 1999):

(a) Specific Volatiles: These types of HIVC in general are emitted by the plants
when they are damaged by some mechanical means. In most of the cases, the
amount of these volatiles is very trace, and most often they resulted from the
mechanical injuries and in some cases intact plant parts (Dicke et al. 1990a, b;
Turlings et al. 1990a, b). Since this is specific for this very reason, the
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composition of the compounds depends on the specific plants (Takabayashi
et al. 1991; Turlings et al. 1993). This has been found in different plants, viz.
corn, lima bean, cucumber, etc. (Dicke 1994; Takabayashi et al. 1994a, b;
Turlings et al. 1995).

(b) Non-specific Volatiles: These second types of volatiles are produced in case of
a large-scale herbivore attack. That leads to the production of these volatile
compounds which are qualitatively similar to the compounds produced at the
time of specific response, and like those, these compounds are also produced
from mechanically wounded plant parts or sometimes undamaged portions. But
the main difference of non-specific volatiles with from specific volatiles is that
in this case, the amount released from the herbivore-infested plants is much
larger than those mechanically wounded plants. Some of the examples of this
category are potato, cabbage, tomato, etc. (Blaakmeer et al. 1994; Mattiacci
et al. 1994; Agelopoulos and Keller 1994; Bolter et al. 1997; Dicke et al. 1998).

Though these two mechanisms are well developed and different from each other,
they have one thing in common, i.e. this large-scale release of volatile compounds
irrespective of their specificity can attract the carnivores, and it has been found that
carnivores can discriminate between the volatiles released from mechanically dam-
aged plants and plants attacked by herbivores (Dicke 1999).

13.3 Volatiles to Attract Carnivores

It has been found that carnivores can differentiate between volatiles’ odours from
unaffected plants and plants that are being harvested by the herbivores (Roth et al.
1982; Sabelis et al. 1984). Sabelis and Dicke first suggested in 1985 that the odours
which are calling the carnivores are originally produced by the affected plants
(Sabelis and Dicke 1985). To achieve this deduction, they used an experimental set-
up of a tritrophic ecosystem which consists of plants (lima bean), herbivore spider
mites (Tetranychus urticae) and carnivore predatory mites (Phytoseiulus persimilis)
(Dicke 1994). After the experiment the chemical analysis revealed a diverse array of
chemicals, and all of them are plant-related volatiles such as fatty acid derivatives,
terpenoids and phenolic methyl salicylate. Researchers have identified three major
terpenoids which were the main factors to attract the carnivorous predatory mites.
These terpenoids are (E)-B-ocimene; 4,8-dimethyl-1,3(E),7-nonatriene; and linalool
[Dicke and Sabelis 1988; Dicke et al. 1990a).

Since this pioneering study, many researchers carried out same type of study
with different model systems of ecosystems such as plants infested by caterpillars
of beet army worm (Spodoptera exigua) and parasitoid Cotesia marginiventris
(Turlings et al. 1990a), cabbage plants infested by cabbage white caterpillars (Pieris
brassicae and Pieris rapae) and the parasitoids Cotesia glomerata and Cotesia
rubecula (Wiskerke and Vet 1991), but one of the best studied model of ecosystem
in this field apart from the pioneering study on lima bean is the relation between
corn plants, caterpillars of Spodoptera exigua and the parasitoid Cotesia
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marginiventris (Turlings and Tumlinson 1992). The most surprising fact is that
though all these ecosystems vary enormously in their structure and design, the basic
findings are very much similar to that of lima bean ecosystem.

Several chemical analyses were done on the volatiles isolated from these differ-
ent experiments, and in all the cases, terpenes were recorded as the major volatile
emitted from the plants attacked by the herbivores, though there is a lack of data
when it comes to terpenoid emission by unaffected plants of the same cultivar. And
in one case, it has been found that there is no emission of terpenoids when soybean
plants are infested by Spodoptera exigua (Turlings et al. 1993).

One main reason for herbivore-induced chemicals is that herbivory induces cell
damage which in turn releases the stored materials within the cell; among them
alcohols, aldehydes, esters, etc. are predominant, and they are mostly derived from
lipoxygenase pathway, and as time passes specific terpenoids which are volatile in
nature are produced from these compounds in response to mechanical damage
induced by herbivory (Dicke 1994). The plant biomass when concerned is much
larger than the predating herbivores. In comparison to that, the amount of volatile
materials emitted by the plants is minute. But plants emit the volatiles at a rate of
per unit biomass. This makes the plant volatiles quite detectable by the carnivores.
So these odour sources make the carnivores to be attracted towards the herbivore-
infested plants (Geervliet et al. 1994).

As already discussed earlier in Sect. 8.2, mechanical damage and herbivore-
induced damage evoke different responses in plants. This differs both in volatile
composition and quantity. This differential response is actually mediated by the
secretions from the herbivores. If the oral secretion of an herbivore is applied in a
mechanical wound, then that will result in the emission of volatiles which are char-
acteristically similar with the volatiles emitted during damage by an herbivore
(Mattiacci et al. 1994). However it has been found that the response of the plant is
systematic. The odour source is much larger than the damage-inflicting herbivores,
and that is not restricted to few plant parts. The main role in these cases is played by
an elicitor compound, which travels from a damaged leaf to an undamaged one and
induces the response, and this odour source also comprises the neighbouring plants
(Dicke et al. 1993).

13.4 Varieties of Carnivore-Attracting Volatiles

Different types of plants deal differently with different types of herbivores. This
may be due to the differences in plant genotypes (Dicke 1999). This difference can
be detected in the chemicals released as volatiles when a plant is attacked by herbi-
vores (Loughrin et al. 1995). Not only this but also the relative contribution of each
chemical compound in the total mixture of the emitted volatiles varies. This varia-
tion can lead to attraction of carnivores, and by this carnivores can differentiate
between the herbivore infestations (Dicke 1988). It is considered that natural selec-
tion plays a great role in provoking these differences.
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It has been found that even within the same plant, these differences prevail. One
example of this is cucumber plant. The spider mite infestation of cucumber triggers
the volatile emission. But surprisingly the amount of volatile emitted from the old
leaves is far below than that of young leaves (Takabayashi et al. 1994a, b). This
evidence more strongly suggests the role of natural selection because by this tech-
nique, the plant is directing the predatory mites towards its new leaves which are in
greater need for protection than the older ones. So a plant can discriminate between
which parts are essential for its growth and can direct the predatory carnivore in that
direction; this also helps the plants in competition with the neighbouring plants of
the same species. Plant responses can also vary depending on the herbivore species
that are attacking the plants. Such as carnivorous mites can differentiate between
different herbivorous mites that are attacking a plant. Carnivores can even estimate
quantitatively the number of different herbivore species that are attacking the same
plant by the presence of a particular volatile compound in the total volatile mixture
emitted by the plant (Geervliet et al. 1997). Apart from this, it has also been found
that different instars are resulting in different types of plant responses; one such
example is found in corn plants when infested by young caterpillars (Pseudaletia
separata); the novel volatile compounds produced by the plant bring parasitic wasps
(Cotesia kariyai). But if the plants are infested by old caterpillars, the rate of pro-
duction of volatiles becomes much less than in the previous case (Takabayashi et al.
1995). This is probably because the rate of food consumption in case of old caterpil-
lars is very low compared to the young ones (Takabayashi et al. 1998).

The variation found mostly when a same herbivore species attracts different
plant species (Loughrin et al. 1995). That leads to the production of numerous novel
volatile compounds which enable the carnivore not only quantitatively but also
qualitatively (Geervliet et al. 1997). This variation is then used by the carnivores to
forage on the herbivores, and carnivores can also differentiate between different
plant species from a mixture of volatile compounds [Vet and Dicke 1992; Geervliet
et al. 1998). Besides these variations in chemical nature of volatiles, the carnivores
are also influenced by some physical factors like day length, intensity of the light,
water availability, temperature, humidity, etc. (Takabayashi et al. 1994a, b).

13.5 Controlling Carnivore Behaviour

The idea that carnivores can differentiate between different plant volatiles and can
even estimate the number of herbivore species attacking the plants is quite tantaliz-
ing. But through different experiments, it has been found that actually, the volatiles
emitted by the plants are controlling the behaviour of the carnivores. This may be
due to the fact that carnivores can temporarily specialize on a topic by using their
learning behaviour (Vet and Dicke 1992). It is quite common occurrence among the
insect parasitoids that they can learn different plant stimuli (Vet et al. 1990); this
same phenomenon has also been reported in case of arthropod population (Dicke
et al. 1990a). Adaptive solution for prey catching depends on the degree of variation
in the carnivore population through the evolution of the species. This is true in both



260 R.Bhattacharyya and R. Bhattacharya

the herbivore and the plant level. If the carnivore becomes too specialize, then there
will be less chance that it can learn through this type of relations. This effect is very
much abundant for the carnivores which are more or less generalized when it comes
to prey catching, and it has been observed there is a substantial positive effect on the
learning behaviour of the carnivores imposed by the plant volatiles (Vet and Dicke
1992). When the carnivore started to learn by experience, they by time will start to
less differentiate between the volatiles even when there are significant amount of
differences in the volatile composition (Geervliet et al. 1998). So this in turn can
affect the foraging capacity (Papaj and Vet 1990).

13.6 Relation Between Plant and Carnivore

It is quite clear that the calling of the carnivores (induced attraction) befits the plants
in many ways. Besides these HIPV can have some other major benefits. Some
examples are: these volatiles are most often rich in fatty acid derivatives, and they
are toxic to some plant pathogens especially against some phytopathogenic fungi
(Zeringue and McCormick 1989; Croft et al. 1993) and sometimes toxic to herbi-
vores (Pallini et al. 1997). This phenomenon gives rise to the doubt whether these
HIPV are acting like a direct defence system by plants or carnivores are simply
exploiting this to locate prey (Turlings and Tumlinson 1992). This question is more
or less unanswered, but it has been postulated since carnivores are the major factor
that control the herbivore population (Cappuccino and Price 1995); it may be pos-
sible that carnivores have synchronized their responses in terms of plants. Emission
of these carnivore-attracting volatiles can reduce the herbivore population surround-
ing the plants (Vet and Dicke 1992). As mentioned earlier, plants emit same type of
volatiles in response to herbivory as well as mechanical damage. It has also been
mentioned that carnivores can differentiate between the volatiles emitted by the
plants to judge whether they are emitting from mechanical wound or there is any
herbivore attack (Geervliet et al. 1994). It has also observed that by judging the
amount of volatiles, carnivores can even differentiate between particular herbivore
species (Sabelis and Baan 1983) and even different herbivore stages (Takabayashi
et al. 1998). All these indicate to one thing that specificity is very robust and there
is a clear distinction between two basic types of induced defensive responses, i.e.
induced direct defence and induced indirect defence (Tallamy and Raupp 1991).
Carnivores achieve this due to their specificity which in turn governs their foraging
behaviour, and this is the basis for their ability to differentiate between different
odour blends. Sometimes these volatiles attract the ineffective natural enemies of
the herbivores, and this is one of the disadvantages of this system; this is because
these ineffective natural enemies often outcompete the effective natural enemies of
the herbivores (Bruin et al. 1995). Predation by the carnivores depends on the food
availability, and this predation pressure is effective in those ecosystems where the
herbivore and the plant population have a stronghold (Sabelis and Baan 1983; Dicke
and Sabelis 1988). It has already been mentioned that the carnivore-attracting vola-
tiles are produced systematically (Dicke et al. 1990a). Carnivores normally use the
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concentration gradient of the volatiles to locate the herbivore-infested plant parts.
And these systemic volatiles make the plant much more detectable to the herbivores
(Bolter et al. 1997).

13.7 Effect on Population Dynamics

There are quite a large number of researches on induced indirect defence response
in context with herbivory and herbivore-induced plant volatiles. But most of these
researches are focused on population dynamics. As already described in the above
sections, the model ecosystems consisting of spider mites and predatory mites are
also considered as a model for experiments in population dynamics (Dicke 1999).
Spider mite’s presence depends on several factors and among which predator and
prey dispersion plays a major role. A stochastic system was developed by Sabelis in
1981 to deal with this type of population dynamics problem (Sabelis 1981). This
model includes different life history parameters such as predator-prey abundance,
rate of predation and predator behaviour, and all these parameters can be quantified
by using this model. Predator behaviour is the most important factor when it comes
to the predator-prey relations; this is because predator behaviour is largely con-
trolled by the HIPV. Since the above-mentioned incidence is a widespread, more
emphasis should be given on this phenomenon when it comes to estimating the
population dynamics. But in some cases, it has been found that carnivore-attracting
volatiles are not playing any major role. Migrations of predators and prey can also
influence the population dynamics, and this is very evident in case of metapopula-
tions (Sabelis and Diekmann 1988). In these cases the dispersal rate and moment
are very much essential, and that is normally greatly influenced by the plants (Dicke
1999). So in overall sense, plants are producing a top-down and bottom-up effect
which in turn influences a wide range of factors controlling the population dynamics
of both herbivores and carnivores (Anholt 1997).

13.8 Responses of Herbivores

In earlier section it has been stated that plant volatiles generally attract the carni-
vores and carnivores can also detect the plant volatiles. The same scenario happens
in case of herbivores also. Herbivores which are very specific in their feeding habit
normally search for plants by detecting these plant volatiles (Visser and Thiery
1986), though from a healthy plant the amount of emitted volatile is very low com-
pared to infested plants. But herbivores can detect that (Turlings et al. 1990a, b). To
the herbivores these plant volatiles are the indication that some more herbivores are
present in the vicinity. But one thing is certain that this volatile signal also indicates
that the area may be dense with enemies, i.e. the carnivores. So to the herbivores
which are foraging, this information is very complex. They may be attracted towards
the plant or they may be repelled from the plant. And both these cases have been
found. Herbivorous scarabaeid and chrysomelid beetles normally attracted to the
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plants by these volatile signals (Loughrin et al. 1994; Bolter et al. 1997); same phe-
nomenon of attraction has also been noticed in case of moths [Landolt 1993) and
spider mites (Dicke 1986; Pallini 1998). Moths (Landolt 1993) and spider mites
(Dicke 1986) have also been recorded for repellence along with aphids (Bernasconi
et al. 1998). The overall behavioural pattern is very complex as this whole relation
consists of basically three organisms, plant species, herbivore species and carnivore
species. In one study it has been found that chrysanthemum plants when infested
with the larvae of Mamestra brassicae moths were not attractive to conspecific
moths (Rojas 1999). Spider mites generally show interest in response to the vola-
tiles which are being released from spider mite-infested plants but from the organs
where no infestation has occurred. This obviously indicates that spider mites are
directed towards a place where less spider mite density will be found and thus less
competition for food. This phenomenon is completely in contrast with the following
experiment in which volatiles from only spider mite-infested leaves were offered. In
this case there is repellence among the spider mites (Dicke 1986). Not only that
spider mites though slightly attracted towards cucumber plants which are also
infested with spider mites, but they are strongly repelled if the same cucumber plant
is infested by thrips (Frankliniella occidentalis) (Pallini et al. 1997).

Herbivores are only attracted to a plant by the emitted volatiles when the attracted
herbivores and the herbivores which are already in there are conspecific (Dicke
1986; Landolt 1993). But in some cases same phenomenon was also noticed even
when there are heterospecific herbivores (Wiskerke and Vet 1991). One explanation
for this lies in the detectability of the volatiles. Volatiles emitted from the herbivore-
infested plants are much more detectable than those emitting from unwounded
plants (Vet and Dicke 1992). Sometimes this can lead to competition among the
herbivores. And competition may result in low amount of food. But competition is
somewhat better than predation. Because in case of predation, there is every possi-
bility that the herbivore may be killed, in case of a potentially enemy dense area. So
when herbivores are being attracted towards the plants, they have to consider all
these facts.

If the viewpoint of the plants is concerned, plants generally do not produce vola-
tile when there is almost no chance to call the carnivores, because that will be an
utter waste of energy, or in case if the volatiles are no longer attracting the carni-
vores. One example of this situation was found in maize when maize plants are
attacked by L5 instar caterpillars of Pseudaletia separate which do not attract the
parasitoid Cotesia kariyai. But if the same plants are attacked by L1-L3 instar cat-
erpillars of the same species, then that will attract the parasitoids. So it seems that
plants can somehow make sense of the fact that most damage are done by the young
caterpillars so they need to be controlled (Takabayashi et al. 1995). Sometimes car-
nivores use plants for their own purposes like nesting, territory markings, etc., and
it has been found that volatiles emitted from these cases do not attract herbivores.
They used to avoid these plants used by the carnivores. This has been found in case
of spider mites. They used to prefer those plants which are habituated by the con-
specific spider mites and used to avoid plants where both the conspecific spider
mites and their predators are present (Pallini 1998). One explanation for this may be
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due to a pheromone released by the spider mites that are exposed to the predators
(Janssen et al. 1997). Besides this as a precautionary measure, spider mites avoid
the nonvolatile cues that are left on the plant by their predators (Kriesch and Dicke
1997; Grostal and Dicke 1999).

So in an overall view, it can be said that whether a volatile will call the herbivore
or the carnivore depends on the detectability of the volatile. If herbivores gathered
the knowledge that the volatiles emitting from the plant are indicating that there are
predators around, then generally they avoid that plant. Herbivores normally prefer
competition rather than predation. But this can be driven by the internal state of the
herbivore like hunger, experience, etc. (Dicke 2000).

13.9 Plant Communication

Effect of plant volatiles on the defence of their neighbouring plants was first discov-
ered in the 1980s (Baldwin and Schultz 1983; Rhoades 1985). Since then various
physiological and biochemical studies have been undertaken to explore this highly
promising area, and it has been demonstrated that plants can produce induced
defences after getting exposed to volatiles from other plants (Arimura et al. 2000).
Among these volatiles one is most notable and that volatile chemical is methyl jas-
monate (Farmer and Ryan 1990) or methyl salicylate (Shulaev et al. 1997). Several
behavioural studies were also undertaken at that time which indicated that plants
that have been exposed to volatiles from the spider mite-infested plants started to
emit volatiles that will attract the predatory mites (Bruin et al. 1992; Oudejans and
Bruin 1994). This groundbreaking discovery indicates that like animals, plants also
can warn their surrounding plants about a possible attack. It has also been found that
plants which are unharmed can emit volatiles after getting exposed to the volatiles
from unaffected plants, but in that case volatiles emitting from the unharmed plants
are of lower amount. Methyl jasmonate, a volatile hormone, can induce the bean
plants to attract predatory mites (Dicke et al. 1999). This directly proves that plants
can produce carnivore-attracting volatiles after getting exposed to volatiles from
affected plants. Jasmonic acid induces a special type of blend in bean plants which
is very similar to the blend induced in spider mite-infested plants (Hopke et al.
1994), and this blend can attract the predatory mites though this data is not confir-
matory as it has been found that methyl jasmonate is not emitted by the herbivore-
infested plants (Turlings et al. 1990a, b). To solve this dilemma, nowadays different
molecular biological approaches have been taken. By these methods now the genes
responsible for herbivore-induced volatile production can be studied by over-
expressing the gene under the influence of volatiles from neighbouring herbivore-
infested plants. And from these gene expression analysis, it has been found that
plants can induce different genes such as proteinase inhibitor genes, pathogenesis-
related genes or lipoxygenase, phenylalanine ammonia lyase or farnesyl pyrophos-
phate synthetase, etc. when these plants were subjected to volatiles from
neighbouring infested plants (Farmer and Ryan 1990; Arimura et al. 2000).
Sometimes volatiles from affected plants fail to induce any defences in the
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surrounding plants, but even in that case, these volatiles can affect the plant-plant
communications. This induced defence may also affect the competition among the
neighbouring plants (Augner 1995; Dicke and Vet 1999). Total energy expended for
the biosynthesis of these herbivore-induced volatiles is very low, but the ecological
costs are the most important in this case (Dicke and Sabelis 1989). The total cost till
date may have been underestimated; this is due to the fact that the ecological cost
has been studied in conditions considering no competition among the plants (Van
Dam and Baldwin 1998). So if the competition among the plants is considered, then
this ecological cost will climb higher, and on this issue further research is needed on
the interactions among the affected plants and their neighbours.

13.10 The Ultimate Cost

Resource partitioning plays a major role in the growth rate of both wild and culti-
vated plants. This growth is very much dependent on the production of new leaf
area. Due to herbivory plants generally increase their structural defences which in
turn reduce the resource available for growth and divert resources from the produc-
tion of new leaf area (Chapin 1989).

The relative growth rate of a plant can be calculated by multiplying net assimila-
tion rate with leaf area ratio (Hunt 1979; Lambers 1987). It can be expressed math-
ematically as follows:

RGR = NARxLAR

where

RGR = Relative growth rate
NAR = Net assimilation rate
LAR = Leaf area ratio

Net assimilation rate can be defined as net carbon assimilation per unit time, and
leaf area ratio can be defined as the ratio of total leaf area to total plant dry mass.

It has been proposed that the differential assimilation of photoassimilates in the
new leaf area is mainly responsible for the phenotypic as well as genotypic differ-
ences in the growth rate [78]. So in this case for the plant defence, there is an oppor-
tunity cost. This theory of plant defence was later more modified to extend it to the
evolutionary theory of plant defence (Coley et al. 1985) and can be expressed by the
following equation:

(:l—f=GxCx(1—kD")—(H—mD”)

where

(il_c = Realized growth
t
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G = Maximum inherited growth rate of the plant permitted by the environment (in
ggd™

C = Initial biomass of the plant (in g)

(1 —kD%) = Proportional reduction in potential growth rate due to resources invested
in defence (in g g7!)

(H—mD?’) = Reduction in realized growth due to herbivory (in g d)

H = Herbivore pressure on the habitat assuming no defence

mD” = Herbivory decreased by defence

The two parameters k and o denote constants that relate an investment in defence for
the reduction in growth, and the other two parameters m and f are constants that
denote shape of the defence effectiveness curve (Coley et al. 1985).

This model combines the evolved defence with herbivory and used to calculate
the realized growth in ecological time scale. This model is considered as the ulti-
mate model to determine the plant-herbivore relationships and is very much effec-
tive in dealing with the plant volatiles induced by the herbivores.

13.11 Conclusion

From the discussions throughout this chapter, it can be concluded that plants respond
to herbivory in a variety of ways. And among this one method is to emit some vola-
tile chemical compounds which have a multipurpose ability, like calling the preda-
tors of the attacking herbivores, warning neighbouring plants, etc. But surprisingly
plants always do not generate these chemicals. It seems that they can differentiate
between herbivores, different instars of larvae, for example. The emission of vola-
tiles is very low when a plant is attacked by L5 instar caterpillars, but when the same
plant is attacked by L1-L3 instars of the same caterpillars, they emit a strong signal
of volatiles which can call the carnivores. Plants can emit volatiles even when they
are not affected by the herbivores such as when a wound is caused by mechanical
means, but the carnivores can differentiate between the volatiles and can detect the
presence of herbivores by judging the amount of different volatile chemicals in the
blend. This surprising ability of the carnivores makes this whole system a tritrophic
one, where plant, herbivore and carnivores all are playing their specific parts.
Herbivores also can detect these volatiles and can discriminate between plants
where carnivores are present or where not. Many external factors also play great
roles in this complex ecological as well as behavioural pattern of the animals. When
an affected plant emits signals in the form of volatiles, the neighbouring plants
become warned and started to emit carnivore-attracting volatiles beforehand. This
in an overall sense reduces the impact of herbivore attack. But all these complex
processes come at a heavy price, the ecological cost of these is quite high, and it can
be calculated by using differential equations considering defence of plants against
herbivory through evolution in an ecological time scale. This ultimate model can
help us to judge the impact of herbivory on plants as well as to judge the effect of
herbivore-induced plant volatiles on the herbivores.
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Phytopathogenic Fungi
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Abstract

Microbial volatile organic compounds (MVOCs) are produced by a wide range
of microorganisms ranging from bacteria and fungi. Earlier experimental results
indicated that MVOCs are eco-friendly and can be exploited as agents that
improve plant growth, productivity, and disease resistance in agricultural prac-
tices. Studies conducted in open fields indicated that MVOCs can effectively
contribute to enhanced crop production and protection against diseases. In this
review chapter, we have discussed on the diversity of MVOCs and further
focused on their potential in exploiting these bioactive molecules in sustainable
eco-friendly agriculture for improving plant growth, production, and protection.
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14.1 Introduction

The rhizosphere of plants is the habitat comprising many different types of organ-
isms. Microorganisms are universal in the biosphere. They are often found in large
quantities and diverse compositions (microbiome). A wide range of volatile metab-
olites, also known as volatile organic compounds (VOCs) are produced by organ-
isms ranging from microbes to animals to plants from diverse ecosystems that are
known to affect their environments and each other (Stotzky and Schenk 1976;
Alstrom 2001; Scholler et al. 2002; Dickschat et al. 2004; Fernando et al. 2005;
Schulz and Dickschat 2007; Effmert et al. 2012; Kramer and Abraham 2012).

Biogenic volatiles when compared with other secondary metabolites, such as
enzymes, antibiotics, and toxins, are typically small compounds (up to C20) having
low molecular weight (100-500 daltons); high vapor pressure (0.01 kPa or higher at
20 °C), i.e., they can easily evaporate at room temperature; low boiling point; low
polarity; and a lipophilic moiety. These properties facilitate evaporation easily at
normal temperatures and pressures and diffusion through both water- and gas-filled
pores in soil and rhizosphere environments. Hence, microbial volatiles play signifi-
cant roles in marine as well as terrestrial environments (Romoli et al. 2014).

Major advantage for this kind of antimicrobial agents is that they can travel large
distances in a structurally heterogeneous environments composed of solids, liquids,
and gases (Wheatley 2002), because of the volatile nature of these compounds.
These properties make VOCs useful for interspecies communication as “infochemi-
cals” or “semio-chemicals,” particularly in nonaqueous environments. There is a
growing recognition of the extent of chemical communication in the biosphere and
the role that volatile chemicals play in biological signaling. Chemical signaling
occurs within individual organisms, between individuals of the same species, and
also between different species.

VOC:s specifically called as microbial volatile organic compounds (MVOCs) are
produced by microorganisms such as fungi and bacteria during metabolism. Volatile
organic compounds (VOCs) are a complex mixture of low-molecular-weight
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lipophilic compounds derived from different biosynthetic pathways. Recently,
Maffei et al. (2011) proposed the term ““volatilome” to describe their complexity.
Microbial volatile organic compounds (MVOCs) are chemically diverse and are
variations of carbon-based molecules composed of low-molecular-weight alcohols,
aldehydes, amines, ketones, esters, lactones, thiols, terpenes, aromatic and chlori-
nated hydrocarbons, and sulfur-based compounds. They serve as chemical windows
through which the fundamental information about the molecular basis of microbial
activities is released (Liang et al. 2008; Korpi et al. 2009; Thorn and Greenman
2012). As on today, 100s of bacteria and fungi were described as soil MVOC pro-
ducers (Effmert et al. 2012). The chemical structure of ~1000 volatiles produced by
a wide range of bacterial and fungal genera and species has been described (Effmert
et al. 2012; Lemfack et al. 2014). Bacterial volatiles are dominated by alkenes,
alcohols, ketones, terpenes, benzenoids, pyrazines, acids, and esters, whereas fun-
gal volatiles are dominated by alcohols, benzenoids, aldehydes, alkenes, acids,
esters, and ketones (Piechulla and Degenhardt 2014).

Most microbial volatiles are side products of primary and secondary metabolism,
and they are formed mainly by oxidation of glucose from various intermediates
(Korpi et al. 2009). The main metabolic pathways for microbial volatiles are given
in. The amount and composition of volatiles produced by microorganisms are
known to vary according to culturing conditions (Claeson et al. 2007; Blom et al.
2011; Garbeva et al. 2014a, b). Physiological state of the producing microorgan-
isms, oxygen availability, moisture, pH, and temperature are the other important
factors known to influence the production of volatiles (Insam and Seewald 2010;
Romoli et al. 2014).

For a long time, the importance of microbial volatiles for the ecology of micro-
organisms has not been recognized, probably due to the lack of appropriate detec-
tion techniques. However, in the last decade, the number of studies on microbial
volatiles has increased in different research areas such as food, medical, agricul-
tural, and environmental sciences. Studies have evidenced that microbial volatiles
can act as infochemicals in interactions among microbes and between microbes and
their eukaryotic hosts. Now, the biggest challenge is to unravel the biological and
ecological functions of these microbial volatiles.

The growing evidence indicates that MVOC:s are eco-friendly, biologically based
products and can be exploited as ecologically sound approach and as a cost-effective
sustainable strategy for their use in agricultural practice for enhancement of plant
growth, productivity, and disease resistance. MVOCs, as naturally occurring chemi-
cals, have potential as possible alternatives to harmful synthetic chemical additives
like fertilizers, pesticides, fungicides, and bactericides. Recent studies conducted
under open-field conditions demonstrated that MVOC:s efficiently contribute to sus-
tainable crop protection and production.

Soil bacteria and fungi often possess traits that enable them to act as antagonists
by suppressing soilborne plant diseases, by excreting antimicrobial metabolites that
directly or indirectly promote plant growth (Gupta et al. 2000; Haas and Defago
2005; Handelsman and Stabb 1996; Whipps 2001). Many of these specialized com-
pounds, such as antibiotics, cause growth inhibition or have more deleterious effects
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on organisms. Microbial volatiles play significant role in antagonistic interactions
between microorganisms harboring the same ecological niche.

In this review, we focused on the diversity of MVOCs by describing microbial—
plants and microbial-microbial interactions. Furthermore, we also discussed exploi-
tation of these bioactive molecules in a sustainable agricultural context for the
improvement of plant growth, development, and health.

Over the past 10 years, research on MVOCs—plant interactions has led to the
conceptual understanding of the complex and dynamic nature of MVOCs and their
potential role in enhancing crop protection and productivity in a sustainable way.
Fungal and bacterial species detect plant host and initiate their colonization strate-
gies in the rhizosphere by producing plant growth-regulating substances such as
auxins and/or cytokinins (Ortiz-Castro et al. 2009). Many well-known volatile
organic compounds of microbiological origin exhibit biological activity. Both fun-
gal and bacterial VOCs have many physiological properties, especially the ability to
inhibit the growth of other microbes.

14.2 Bioactive Fungal Volatiles

Several fungi show the ability to synthesize and produce a large number of volatile
organic compounds (MVOCs). The VOCs produced by fungi have received limited
attention in terms of their relationship to plant pathogenesis or growth promotion.
Fungi emit cocktails of dozens to hundreds of unique volatile compounds that
belong to many chemical classes such as alcohols, aldehydes, acids, ethers, esters,
ketones, hydrocarbons, terpenes, and sulfur compounds (Korpi et al. 2009).

Volatile compounds are known to be ideal for serving as intra- and interspecific
chemical signals or “infochemicals” because they can be sensed from a long dis-
tance. These compounds can diffuse to long distances from their point of origin, and
they can persist and migrate in soil environments, areas of dense vegetation, and
other microhabitats that harbor interacting populations of bacteria and fungi. VOCs
produced by a given fungal species can have multiple effects on other organisms
such as defense, environmental monitoring, and nutrient acquisition (Minerdi et al.
2009). There are several multifunctional and multi-organismic volatile-based inter-
actions reported to occur in ecosystems. Many fungal VOCs are known to occur as
either simple hydrocarbons, heterocycles, aldehydes, ketones, alcohols, phenols,
thioalcohols, thioesters, benzene derivatives, or cyclohexanes (Korpi et al. 2009;
Ortiz-Castro et al. 2009). Ryu et al. (2003) first reported that the microbial VOCs
2,3-butanediol and acetoin promoted the growth of Arabidopsis thaliana. Yamagiwa
etal. (2011) first reported that plant growth-promoting fungi (PGPF) derived VOC-
mediated growth promotion in plants. VOCs of certain PGPFs including the biocon-
trol fungus Trichoderma have been shown to enhance plant growth (MacDonald
et al. 1986; Yamagiwa et al. 2011).

Volatiles being small molecules can easily diffuse through porous soils and
travel over a long distance via the atmosphere and could be an effective tool for
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rhizosphere microorganisms to influence neighboring organisms. Reino et al. (2008)
reviewed the capability of Trichoderma spp. to produce a number of volatile sec-
ondary metabolites (e.g., pyrones, sesquiterpenes). Volatile secondary metabolites
have been demonstrated to play an important role in mycoparasitism of Trichoderma
as well as its interaction with plants (Vinale et al. 2008).

Some soil saprophytes (Trichoderma sp.) (Yuan et al. 2012), fungi isolated from
humid building materials (Schleibinger et al. 2008; Araki et al. 2009), grass endo-
phytic Epichloé species belonging to Ascomycota (Schiestl et al. 2006), rust fungi
(Puccinia monoica and Uromyces pisi of Basidiomycota) (Kaiser 2000), truffles
(Tuber sp. of Ascomycota) (Splivallo et al. 2011), and mushroom sporocarps (Fraatz
and Zom 2010) are reported to have the potential to generate MVOCs. Hung et al.
(2013) reported that most of fungal MVOCs exert either potent inhibitory or stimu-
latory effects on plants. Yamagiwa et al. (2011) reported the plant growth-promoting
fungus (PGPF), Talaromyces sp., emitted f-caryophyllene that significantly
enhanced the growth of Brassica campestris seedlings and their resistance to
Colletotrichum higginsianum.

Several fungi have been investigated as biocontrol agents, of which members of
the genus Trichoderma, a common soil fungus, have received the most attention.
Trichoderma species, commonly found in soil and root ecosystems, have been
extensively studied for their beneficial effects on plant growth including the produc-
tion of antibiotics and for their ability to compete against other fungi and pathogenic
microorganisms (Harman et al. 2004). Several Trichoderma species are known to
parasitize plant pathogens such as Fusarium oxysporum, Phytophthora capsici, and
Rhizoctonia solani. In addition, fungi in the genus Trichoderma directly influence
the growth of plant structures leading to an increase in plant biomass above ground
and adventitious root formation below ground. The mechanisms by which
Trichoderma simultaneously suppresses plant pathogens and enhances plant growth
encompass mycoparasitism, antibiosis, competition, solubilization and sequestra-
tion of inorganic nutrients, and induced resistance. These properties have led to its
use as a biofertilizer, bioprotectant, and biocontrol agent in agriculture. Proximal
association of the fungi with the crop confers protection from pathogens and
improves biomass production. Many species of Trichoderma including T. atro-
viride, T. hamatum, and T. harzianum are known mycoparasites. It is demonstrated
that mycoparasitism is facilitated through the production of chitinases, glucans, and
glucosidases (Elad et al. 1982; Inbar and Chet 1995). Moreover, it has been postu-
lated that Trichoderma acts as a bioprotectant through the production of metabolites
that suppress or inhibit the growth of other fungi. In addition, 7. asperellum has
been shown to activate induced systemic resistance in Cucumis sativus, and induc-
tion of this response makes plants less susceptible to attack by common plant patho-
gens such as Botrytis cinerea (Korolev et al. 2008). These studies have confirmed
that Trichoderma and its exudates promote plant growth. In contrast, the gaseous
emanations of Trichoderma have received little attention. The long-distance expo-
sure to 7. viride VOCs resulted in growth-promoting effects such as increase in fresh
weight and root mass and also increase in the concentration of chlorophyll in leaves.
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Therefore, an investigation of the volatiles produced by Trichoderma provides
fertile ground for developing a new understanding of the mechanisms involved in
both the triggering of the mycoparasitism response and of the phenomenon of plant
growth promotion. The traditional use of Trichoderma as a soil treatment increases
the concentration of volatiles generated by Trichoderma species.

Although it is known that fungi produce a large number of volatiles, many fungal
VOC:s such as 1-octen-3-ol are produced in large quantities. High concentrations of
VOC:s can have significant effects on plants in the vicinity. 1-octen-3-ol, sometimes
called “mushroom alcohol,” represented 33—78% of the volatile fraction of Agaricus
bisporus, 66% of Cantharellus cibarius, 49-82% in Boletus edulis, and 90% in
Lactarius torminosus. In particular, the chiral compound 1-octen-3-ol is one of the
most abundant VOCs produced by nearly all species of fungi tested to date. In sum-
mary, the presence of fungal VOCs can have beneficial, detrimental, or neutral out-
comes on plant growth and health. A few fungal VOCs are also reported to have
growth inhibitory effects on plants (Splivallo et al. 2007).

Diby and Kyung (2013) showed that Cladosporium cladosporioides CL-1 fungal
plant growth-promoting agent obtained from the rhizosphere of red pepper pro-
duced VOCs that significantly increased growth of the tobacco seedlings and their
root development.

14.3 MVOCs of Fungal Endophytes

Endophytes are an important group of plant-associated fungal symbionts, present in
both belowground and aboveground tissues. Volatile-producing endophytes (VPEs)
are of primary interest because they produce MVOCs that are antibiotic in nature
(Khan et al. 2014). VPEs produce broad-spectrum compounds having different
physicochemical and biological properties that make them useful in industry as
well as agriculture (Yuan et al. 2012). In recent years, some of the VOCs from
endophytes have shown to have antibiotic activity, while others have potential
for possible use as fuel compounds or “biodiesel.”” The microorganisms that live
intercellularly within plant tissues without causing any evident negative effects are
called endophytes. Fungal endophytes are a source of novel secondary metabolites,
and also they are known to produce bioactive VOCs. Fungal endophytes in the
genus Muscodor emit volatile substances that have strong antibacterial effects
(Strobel et al. 2001; Strobel 2006). VOCs produced by an endophyte Muscodor
albus (“‘stinky white fungus”) have inhibitory or lethal to a wide range of bacteria
and pathogenic fungi.

GC-MS analysis showed that M. albus produced a mixture of volatile acids,
alcohols, esters, ketones, and lipids, which individually had inhibitory but not lethal
effects against Fusarium solani, Pythium ultimum, and Rhizoctonia solani (Strobel
et al. 2001). These VOCs when applied collectively acted synergistically to kill a
broad range of plant-pathogenic fungi and bacteria (Strobel et al. 2001). This selec-
tive antimicrobial effect can be used against undesirable pathogens (termed as
“mycofumigation”). M. albus has been used for the biological control of damping
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off in broccoli seeds grown in greenhouse soilless mix (Mercier and Jiménez 2004).
Lee et al. (2009) reported that Oxyporus latemarginatus (an endophyte) isolated
from pepper plants showed positive mycofumigation ability against post-harvest
decay organisms. VOCs from endophytes have been reported to have other biotech-
nological applications.

14.4 Bacterial Volatiles

Bacterial species also produce a wealth of bioactive volatiles. A survey of 26 species
belonging to genus Streptomyces revealed mixtures of alcohols, alkanes, alkenes,
ketones, terpenoids, and thiols (Schéller et al. 2002). Myxococcus xanthus produced
42 different volatiles (Dickschat et al. 2005b), and the volatile compound of a
marine Streptomyces species exhibited antibiotic properties (Dickschat et al. 2005a).

During the past few years, awareness concerning the emission of an unexpected
high number of bacterial volatiles is being increased, and recent studies have showed
that bacteria employ their volatile compounds during interactions with other organ-
isms (Kai et al. 2009; Romoli et al. 2014). Bacteria are known to either positively or
negatively affect other organisms’ fitness, and recent studies showed that bacterial
volatiles play an important role in bacterial-plant, bacterial-bacterial, and bacte-
rial-fungal interactions.

Some bacteria live closely associated with the plant roots (rhizosphere) in the
soil, exploiting nutrient-rich exudates that plants deliver into the soil. These bacteria
are collectively defined as rhizobacteria also referred as plant growth-promoting
rhizobacteria (PGPR), and many of them promote plant growth (Kevin 2003;
Bhattacharyya and Jha 2012). The PGPRs promote plant growth by producing sid-
erophores, 1-aminocyclopropane-1-carboxylate, and plant hormones, by solubiliz-
ing nutrients, fixing nitrogen, etc. (Ahemad and Khan 2012). In addition, PGPR
strains also protect plants from phytopathogens by producing antibiotics, hydrolytic
enzymes, and volatile organic compounds (VOCs), competing for space and nutri-
ents with pathogens and inducing systematic resistance in plants. Among different
mechanisms of action, the production of VOCs has its own importance. The volatile
organic compounds (VOCs) produced by plant growth-promoting rhizobacteria
have been reported to improve plant growth, inhibit bacterial and fungal pathogens
and nematodes, and induce systemic resistance in plants against different phyto-
pathogens, which revealed the importance of VOCs in plant-microbe interactions
(Raza et al. 2013).

Pseudomonad rhizobacteria have been considered to be the most important rhi-
zosphere organisms (Goswami et al. 2013). Rhizobacteria emitted VOCs that are
involved in their interaction with plant-pathogenic microorganisms and host plants,
thereby showing antimicrobial and plant growth-modulating activities (Vespermann
et al. 2007) and often inducing systemic resistance in plants against phytopathogens
(Ryu et al. 2003, Kishimoto et al. 2007). Fluorescent Pseudomonas strains help in
soil health maintenance and protect the crops from pathogens (Hol et al. 2013).
Emission of differential VOCs by the rhizospheric bacterial strains can modulate



278 B.N. Reddy and A. Hindumathi

both plant growth promotion and root-system architecture (Gutierrez-Luna et al.
2010). Recent analytical studies have provided a comprehensive profile of rhizobac-
terial volatiles. These MVOCs have molecular masses below 300 Da and are lipo-
philic with relatively low boiling points.

It has been demonstrated that certain PGPRs stimulate plant growth without
being in physical contact with roots through release of volatile compounds (Ryu
et al. 2003, 2004; Farag et al. 2006). Further, certain PGPR can restrict fungal
growth by emission of volatile organic compounds (VOCs) (Ryu et al. 2004;
Ortiz-Castro et al. 2008). Bacterial VOCs have been shown to serve various roles
such as signal compounds for inter- and intraspecies as well as cell-to-cell com-
munication, stimulate or inhibit plant growth, as well as affect phytopathogens
(Wenke et al. 2010).

In particular, PGPRs are known to produce VOCs that have growth-promoting
properties on Arabidopsis (Farag et al. 2006; Zhang et al. 2007) and also induce
systemic resistance in Arabidopsis (Ryu et al. 2003; Farag et al. 2006). Strains of
Bacillus subtilis, B. amyloliquefaciens, and Enterobacter cloacae by emitting sev-
eral volatiles promoted plant growth, of which acetoin and 2,3-butanediol (2,3-
BD) gave the highest level of growth promotion and induced systemic resistance
(ISR) of A. thaliana (Ryu et al. 2003; Rudrappa et al. 2010). Enterobacter aero-
genes (endophytic bacterium) that colonizes corn plants produced 2,3-BD one of
the major MVOC:s. 2,3-BD produced by E. aerogenes rendered corn plants more
resistant to Northern corn leaf blight fungus Setosphaeria turcica (D’ Alessandro
et al. 2014).

SPME-GC-MS (solid-phase microextraction [SPME] coupled to gas chroma-
tography—mass spectrometry GC-MS) analysis revealed an array of volatile com-
pounds emitted from rhizobacteria that are involved in plant growth promotion
(Farag et al. 2006).

Volatiles emitted by B. subtilis induced beneficial effects on plant growth like
increased plant size and weight, cell numbers, and modulation of root-system
architecture (Xie et al. 2009; Gutiérrez-Luna et al. 2010). VOCs also stimulated the
synthesis of plant hormones such as indole-3-acetic acid (IAA), cytokinin, and gib-
berellins. VOCs are important components of the signaling process in the interac-
tion of plant growth-promoting bacteria (PGPR) with plants (Vespermann et al.
2007). Several bacterial VOCs including alcohols, ammonia, HCN, and phenzine-
1-caroxylic acid have antifungal properties that contribute to the biocontrol effects
of PGPR (Whipps 2001; Kai et al. 2009). The VOCs of PGPR are associated with
induced systemic resistance (Farag et al. 2006). Pseudomonas fluorescence S97
and S241 have been reported to produce VOCs like hydrogen cyanide that inhib-
ited the growth of plants (Alstrom and Burns 1989). The rhizobacterial isolates
Serratia  plymuthica, Serratia odorifera, Stenotrophomonas maltophilia,
Stenotrophomonas rhizophila, Pseudomonas fluorescens, and Pseudomonas trivi-
alis were reported to emit volatile compounds that inhibit the growth of Rhizoctonia
solani (Kai et al. 2007).

Antifungal effects of organic volatiles were previously shown to inhibit germina-
tion or mycelial growth of S. sclerotiorum (Fernando et al. 2005; Huang et al. 1997),
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and unidentified compounds from Bacillus subtilis caused structural deformation of
pathogenic fungi. Bacterial volatiles can also promote fungal growth (Huang et al.
1997; Wheatley 2002).

Bacillus amyloliquefaciens NJN-6 was reported to produce VOCs that inhibited
the growth and spore germination of Fusarium oxysporum f. sp. cubense (Yuan
etal. 2012). Veillonella species and Bacteroides fragilis produced VOCs that showed
antibacterial activity. A VOC tridecane produced by Paenibacillus polymyxa E681
induced salicylic acid and ethylene-signaling marker genes PR1 and VSP2, respec-
tively (Lee et al. 2012). Similarly, Ryu et al. (2003) reported plant growth promo-
tion by the VOCs produced by B. subtilis GBO3 and B. amyloliquefaciens IN937a.
These reported results showed the importance of VOCs in plant growth promotion
and inhibition of plant pathogens.

Pseudomonas fluorescens SS101 produced three VOCs, 3-tetradecadien-1-ol,
2-butanone, and methyl-n-1-2-tridecene, that improved the growth of tobacco (Park
et al. 2015). There is not much information available about the actual mechanism of
VOC:s to improve plant growth and other characteristics. However, Ryu et al. (2003)
reported studies of partial mechanism information like cytokinin signaling pathway
appeared to play some role in growth promotion with exposure to B. subtilis GB03
VOCs. Similarly, Bacillus sp. B55 produced dimethyl disulfide (DMDS) that
improved plant growth of tobacco by enhancing sulfur nutrition (Meldau et al.
2013). In another report, VOCs like m-cresol and methyl benzoate produced by
plant growth-promoting fungi, Cladosporium sp. and Ampelomyces sp., elicit
induced systemic resistance (ISR) in plants against the pathogen Pseudomonas
syringae pv. tomato DC3000, and salicylic acid and jasmonic acid/ethylene might
be involved in the ISR mediated by the VOCs (Naznin et al. 2014).

The microbial strains B. amyloliquefaciens T-5, NJN-6, FZB42, and SQR-9;
Pseudomonas fluorescence WR-1, PE-5, Q2-87; and Paenibacillus polymyxa WR-2
and C5 were reported to produce VOCs that improved plant growth. The strain
SQR-9 has been reported as an excellent biocontrol agent to colonize roots and
control soilborne diseases effectively (Xu et al. 2014).

Bacillus atrophaeus CAB-1 produced volatile compounds that include a range of
alcohols, phenols, amines, and alkane amides and hexadecane, 2,3-dimethoxy ben-
zamide, and O-anisaldehyde. O-Anisaldehyde was found to exert the highest inhibi-
tion on the mycelial growth of the fungal pathogen Botrytis cinerea.

High concentrations of DMDS, 2-undecanone, dimethyl trisulfide, 4-octanone,
S-methyl methanethiosulfonate, and 1-phenylpropan-1-one emitted by Burkholderia
ambifaria significantly inhibited the growth of two phytopathogenic fungi, R. solani
and Alternaria alternata. The mycelial growth of plant-pathogenic fungi,
Colletotrichum gloeosporioides, Fusarium culmorum, F. oxysporum, and Sclerotum
rolffsi, was significantly inhibited by 15 Burkholderia tropica strains. The volatile
profile of B. tropica strain MTo431 showed the presence of several MVOCs known
to play an important role in the antagonistic antifungal mechanism. MVOCs
produced by Burkholderia gladioli pv. agaricola strains reduced the growth rate of
E oxysporum and R. solani of which limonene was found to be the most effective
compound (Elshafie et al. 2012).
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Earlier studies reported that VOC 2-pentylfuran, emitted by Bacillus megaterium
strain XTBG34, caused growth promotion in A. thaliana. Furan compounds have
been found to exhibit plant growth regulatory properties and are therefore recom-
mended for commercial use in agriculture to improve plant health.

Fernando et al. (2005) evidenced that bacteria isolated from roots of canola,
stubble, and soybean showed antifungal activity in split-plate assays and nonanal,
N-decanol, cyclohexanol, ethyl-1-hexanol, benzothiazole, and dimethyl trisulfide
were identified as the inhibitory volatiles.

Kai et al. (2009) reported bacterial VOCs such as amines, benzaldehyde, benzo-
thiazole, decanal, cyclohexanol, dimethyl trisulfide, 2-ethyl-1-hexanol, and nonanal
as fungicidal agents. Earlier laboratory studies demonstrated that several strains
belonging to B. amyloliquefaciens subsp. plantarum (Dunlap et al. 2015) can asso-
ciate with different plants and provide disease suppression or abiotic stress toler-
ance (Danielsson et al. 2007; Abd El-Daim et al. 2014).

Earlier study demonstrated that application of two VOCs, 3-pentanol and
2-butanone in cucumber plants, successfully elicited induced resistance against bio-
trophic bacterial pathogen P. syringae in open-field trials.

Although several studies have shown that volatile compounds can be used as
signaling molecules in soil microbial communication, so far it is not clear how vola-
tiles are perceived as signals by the microorganisms. To date, little is still known
about the regulatory pathways and genes involved in biosynthesis and production of
volatiles. Future challenges are therefore to further elucidate chemical diversity of
microbial volatiles, to discover regulatory pathways and genes involved in the bio-
synthesis of volatiles in soil bacteria and fungi, to determine biologically relevant
concentrations, to resolve the importance of volatiles in ecosystem processes, and
ultimately to determine the soil health status of agricultural soils.

With respect to soil microbial volatiles, most attention has been given to the sup-
pressive effects of bacterial volatiles on soil eukaryotes that are harmful to agricul-
tural crops, e.g., plant-pathogenic fungi (Zou et al. 2007; Garbeva et al. 2014a, b).
Rhizobacterial isolates S. plymuthica, S. odorifera, Stenotrophomonas maltophilia,
Stenotrophomonas rhizophila, P. fluorescens, and P. trivialis emit complex MVOCs
known to inhibit growth of many phytopathogenic and non-phytopathogenic fungi
(Vespermann et al. 2007).

14.5 Conclusion

Microbial volatile organic compounds form interface between plants and microor-
ganisms above and below ground environment where most of the interactions take
place. Understanding the complex nature of MVOC:s is the key to use a suitable tool
for crop protection and production in sustainable agricultural practice.
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The importance of MVOC:s for crop plants will enable to adopt in sustainable
crop protection and to develop production strategies on the promotional activities of
growth, development, and defense system of plants. For a better understanding of
the diversity and role of MVOC:s at field application level, more research studies are
needed to be conducted for sustainable use of naturally produced MVOCs for crop
welfare.
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Abstract

In nature, plants are subjected to various abiotic and biotic stresses of which
stress due to herbivore attack is of major concern. There are many direct and
indirect mechanisms which operate within the plants to combat herbivores. The
direct defence is generally of two types, i.e. physical and chemical. The physical
defence includes the presence of morphological barriers such as trichomes, silica
deposition and cell wall lignifications. The chemical methods involve the synthe-
sis of many toxic compounds like terpenoids, alkaloids, phenols, etc. Indirect
defence involves production of volatile compounds from the host plant which
can attract natural enemies of herbivores. These compounds are known as
herbivore-induced plant volatiles (HIPVs) and play an important role in com-
municating with the parasitoids to prey upon the attacking herbivores. HIPVs not
only help the plants to attract with the natural enemies of herbivores but also
warn the neighbouring plants from the upcoming danger. Thus, HIPVs provide a
reliable mechanism for natural management of insect pests in plants. This chap-
ter presents the herbivore-induced plant volatiles, types, biosyntheses, emission
and their role in plant defence.
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15.1 Introduction

Plants produce a large number of volatile organic compounds which are utilized as
perfumes, flavouring agents and other industrial purposes. In nature, these chemi-
cals help the plants in pollination and seed dispersal. Significantly, these volatile
compounds protect the plants from their enemy herbivores by repulsion or intoxica-
tion and by attracting predator or parasitoid insects to prey upon herbivores
(Reinhard et al. 2004; Vancanneyt et al. 2001; Mercke et al. 2004). Also, these com-
pounds act as chemical signals to communicate with the natural enemies of herbi-
vores and with the neighbouring plants. There are about 1,700 volatile compounds
isolated from 90 different plant families. The plant volatiles constitute around 1 %
of the total plant secondary metabolites (Jarmo and James 2012). The volatile com-
pounds are released from leaves, flowers and fruits into the atmosphere or into the
soil from roots, to protect the plants against herbivores and pathogens (Dudareva
and Pichersky 2006).

15.2 Role of Plant Volatiles

1. Attract pollinators and seed disseminators: Most of the flowering plants release
different kinds of volatile compounds from various plant parts to attract the
insects which help in pollination and dispersal of seeds (Buchmann and Nabhan
1996). Pollinators use these volatile blends to discriminate flowers of a particular
plant species that rely on them for pollination. The level of volatile emission dif-
fers within a species due to various factors such as diurnal rhythms, age of flower
and status of pollination. It also depends on environmental conditions like light,
temperature, moisture, etc. (Dudareva et al. 2004). For example, moth-pollinated
Clarkia breweri flowers emit a higher level of floral scent rich in linalool and
aromatic esters, whereas lower levels were reported in the flowers of Clarkia
concinna, a bee-pollinated plant (Raguso and Pichersky 1995). The volatile
compounds produced by the fruits play an important role in the attraction of
animals and birds, which help in seed dispersal. Luft et al. (2003) reported that
Pteropus pumilus and Ptenochirus jagori, commonly known as fruit bats, can
detect fruits and state of their ripeness based on the fruit odour.

2. As antimicrobial compounds: The floral volatiles of some of the plants were
reported to have antimicrobial properties (Friedman et al. 2002). Flowers with
rich nutrients and moisture are more prone to pathogen attack. Hence, volatiles
with antimicrobial activity released from floral tissues can provide protection to
the flowers from the pathogens. In Arabidopsis thaliana, stigma emits a major
floral volatile, the sesquiterpene (E)-B-caryophyllene, which was reported to
possess antimicrobial properties (Chen et al. 2003). Similarly 1,8-cineole, an
oxygenated monoterpene, is known for its antimicrobial nature (Hammer et al.
2003).
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3. As antioxidants: Some of the volatile compounds serves as antioxidants and pro-
tects the plants from different types of stresses induced by various environmental
factors. Isoprene emitted from plants protects them from oxidative stress induced
by ozone (Loreto et al. 2001). Volatile chemicals released from various plant
parts act against reactive oxygen species (ROS) generated during thermal and
oxidative stress (Sharkey et al. 2005; Vickers et al. 2009).

4. In plant defence: In response to herbivore attack and damage, plants release a
mixer of volatile compounds for their self-defence. The chemicals emitted by
plants can directly affect the herbivores by its toxic, repellent and deterring prop-
erties. In indirect defence, the volatiles may attract the natural enemies like para-
sitic wasps, flies and predatory mites that can protect the plant from further
damage by herbivores (Bernasconi et al. 1998; Vet and Dicke 1992). Sometimes,
the volatile organic compounds can mediate both the direct and indirect defence
mechanism at a time. The volatiles produced in Nicotiana attenuata were
reported to deter lepidopteron oviposition and also attracted the herbivore natu-
ral enemies (Kessler and Baldwin 2001). The common volatiles involved in most
of the direct and indirect defences include metabolites from lipoxygenase (LOX)
and shikimic acid pathways. The products of terpenoid pathway such as mono-
terpenes, sesquiterpenes and homoterpenes also play a major role in defence
against herbivores (Pichersky and Gershenzon 2002).

5. In tritrophic interactions: The interaction of plant-herbivore-carnivore is a tri-
trophic interaction which was first reported by Price et al. (1980). The herbivore-
induced plant volatiles (HIPVs) mediate the tritrophic interactions, in which
plant volatiles act as cues for natural enemies of herbivores to locate their pray
or the host plant (Mumm and Dicke 2010). For example, the interactions between
lima beans plants (Phaseolus lunatus), herbivorous spider mites (Tetranychus
urticae) and carnivorous mites (Phytoseiulus persimilis) are tritrophic interac-
tion. In this, the infestation of lima bean leaves with spider mites triggers the
release of volatile compounds from plants that attract the predatory mites (car-
nivorous) to prey on herbivorous spider mites (Takabayashi and Dicke 1996).

6. In plant-plant interaction: Volatile compounds released from herbivore-attacked
plants bring about priming of plant defence mechanism in nearby plants. They
initiate defence gene expression and result in emission of volatiles in healthy
leaves of the same plant and also in unaffected leaves of neighbouring plants. As
aresult of this signalling and communication mechanism, plants exhibit increased
attractiveness to carnivores insects and decrease the damage caused by herbi-
vores (Ruther and Kleier 2005; Arimura et al. 2002).

15.3 Herbivore-Induced Plant Volatiles (HIPVs)

Volatile compounds synthesized in plants due to the attack by herbivore are called
as herbivore-induced plant volatiles (HIPVs). Based on the metabolic origin,
herbivore-induced plant volatiles are classified into four major classes. They are
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terpenes, fatty acid derivatives, amino acid derivatives and phenylpropanoid or ben-
zenoid compounds. Among these volatiles, terpenoids constitute the major group in
plant defence. Besides this, genus- or species-specific volatile compounds are also
produced by plants. For example, the characteristic garlic-like odour in alliaceous
members is emitted due to the release of volatile selenium compounds.

15.4 Biosynthesis of HIPVs

The herbivore-induced plant volatiles are low molecular weight compounds and
synthesized by various metabolic pathways. Biosynthesis of HIPVs is spatially,
temporally and developmentally regulated (Dudareva et al. 1996; Pare and
Tumlinson 1997).

The synthesis of volatile chemicals generally occurs in the epidermal tissues and
easily diffuses into the surrounding environment (Kolosova et al. 2001) or rhizo-
sphere (Chen et al. 2004). The mechanism involved in transportation of volatiles
from the site of synthesis into the atmosphere was reported to involve four major
steps, i.e. trafficking within the cell, transport across the plasma membrane and cell
wall, transfer through the cuticle and evaporation at the site of the cuticle. The for-
mation of volatile compound in all of the plant organs shows similar developmental
patterns. In early stages of organ development, such as young leaves, immature
fruits or flowers ready for pollination, more synthesis of volatiles was observed,
whereas it remained constant or decreased with the increase in the life span of the
organs (Bouwmeester et al. 1998; Dudareva et al. 2000).

15.5 Terpenoids

Terpenoids constitute one of the important volatiles in plant defence against herbi-
vores. Terpenoids consist of hemiterpenes, monoterpenes, sesquiterpenes, homoter-
penes and diterpenes (Fig. 15.1). They are derived from Cs precursors by two
important pathways. Monoterpenes and diterpenes are synthesized in plastids via
methyl erythritol phosphate (MEP pathway) from geranyl diphosphate (GDP) and
geranylgeranyl diphosphate (GGDP), respectively (Eisenreich et al. 1998).
Sesquiterpenes are produced in cytosol through mevalonic acid pathway (MVA
pathway) from farnesyl diphosphate (FDP) (Mc Caskill and Croteau 1995).

15.6 Phenylpropanoids and Benzenoids

Phenylpropanoids and benzenoids are derived from L-phenylalanine which are
inverted to trans-cinnamic acids. This reaction is catalysed by an enzyme
L-phenylalanine ammonia lyase. Hydroxycinnamic acid on methylation and
hydroxylation forms a variety of cinnamic acids, aldehydes and alcohols. The inter-
mediate compounds of these pathways are emitted as volatiles (Humphreys and
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Fig. 15.1 Some of the plant volatile compounds

Chapple 2002). Benzenoid compounds are also formed from trans-cinnamic acid.
During the synthesis trans-cinnamic acid, chain is shortened by a C, unit through
CoA-dependent-f-oxidative pathway (Boatright et al. 2004).

15.7 Volatile Fatty Acid Derivatives

Volatile fatty acid derivatives are one of the common HIPVs released soon after the
tissue disruption in host plants. They are derived from C,s unsaturated fatty acids
like linoleic and linolenic acid by deoxygenation, catalysed by the enzyme lipoxy-
genases (Feussner and Wasternack 2002). These are also known as green leaf vola-
tiles (GLVs). GLVs consist of C4 aldehydes, (z)-3-hexenal n-hexenal and their
derivatives (Bruinsma et al. 2009) (Fig. 15.2).

15.8 Amino Acid Volatile Derivatives

Amino acids like valine, alanine, leucine, isoleucine and methionine serve as pre-
cursors for the synthesis of plant volatiles such as aldehydes, alcohols, esters and
nitrogen- and sulphur-containing volatiles. Deamination of amino acids results in
a-keto acid which on decarboxylation, reductions, oxidations and esterification
forms formaldehyde, alcohols and esters (Reineccius 2006). Methionine serves as a
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Fig. 15.2 Structure of some plant volatile organic compounds

precursor of sulphur-containing volatiles such as volatile thioesters and dimethyl
disulphide (Wyllie and Leach 1992; Wyllie et al. 1995). In strawberry plant, alanine
serves as a precursor for synthesis of volatile ethyl esters which is catalysed by the
enzyme, strawberry alcohol acyl transferase, SAAT (Perez et al. 1992; Aharoni
et al. 2000; Beekwilder et al. 2004). Alcohol acyl transferases are also involved in
the formation of many volatile esters from alcohols and acyl-CoAs, which are
derived from amino acids (Dudareva et al. 1998).

15.9 Herbivore-Induced Volatiles in Plant Defence

Plants, in response to attack by herbivory, synthesize and release a mixture volatile
compounds from their damaged and also from health undamaged tissues which are
specific to individual herbivore species. For example, terpenoids are synthesized
de nova in cotton leaves in response to damage caused by the caterpillar, and similar
chemicals were also reported from undamaged leaves. This clearly suggests that the
chemical messenger is transported from the damage location to the undamaged
leaves to trigger synthesis and release of plant volatiles. The mixtures of compounds
collected from undamaged leaf differ from the volatiles from entire plant (Pare et al.
1998). The blend of volatile odour is very specific and can be useful in identifying
the herbivore and its developmental stages (Takabayashi and Dicke 1996).
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The attack of herbivore species triggers the release of different odour blends of
volatiles, which can attract both parasitic and predatory insects to the host plant
bearing prey species (De Moraes et al. 1998). Plant volatiles also induce defence
responses in neighbouring plants and serve as a messenger between and among
members of same species. These chemical signalling molecules are known as semi-
ochemicals (Law and Regnier 1971). David Rhoades reported that willow plant
(Salix sitchensis) showed increased resistance as they were warned by an airborne
signal about the upcoming danger from the herbivore-infested neighbouring plants
(Rhoades 1983). Altered levels of defence-related metabolites like terpenoids, pro-
teinase inhibitors and phenolic compounds were also observed in plants exposed to
HIPVs (War et al. 2011). In different plant species, the volatile chemicals released
in response to herbivory also differ in their chemical composition both quantita-
tively and qualitatively. For example, in tobacco plant, higher amount of jasmonic
acid (defence-signalling compound) is released during damage by hornworm cater-
pillars compared to mechanical damage (McCloud and Baldwin 1998). The corn
plantinfested with beet armyworm larvae produces linalool, (3E)-4,8-dimethyl1,3,7-
nonatriene, (trans)-a-bergamotene and (E)-p-farnesene as major compounds; how-
ever, these volatiles are not released from soybean plants infested by the same
herbivore (Turlings et al. 1993a).

15.10 Jasmonates (JA)

Jasmonic acid and its methyl ester (methyl jasmonate) are important volatile com-
pounds released in plants in response to defence against herbivore (Fig. 15.3a). JA
biosynthesized from linolenic acid by octadecanoid pathway plays a major role in
plant defence against insects and biotrophic pathogens. In plants, JA accumulates in
large amount in wounded tissues and activates genes coding for protease inhibitors
that protect the plants from insect damage. Jasmonic acid also induces the expres-
sion of the genes coding for antifungal proteins, phytoalexin biosynthesis and phe-
nolic compounds that are involved in plant defence mechanism (Creelman et al.
1992). The oxylipin pathway, another major source for JA, also leads to the synthe-
sis of other volatile aldehydes and alcohols that function in wound healing and plant
defence. For example, the growth of Pseudomonas syringae and E. coli was

Fig. 15.3 Structure of
Jasmonic acid and
Salicylic acid

OH

OH

Jasmonic acid Salicyclic acid
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completely inhibited by the activity of Cg-aldehyde 2-hexenal (Deng et al. 1993).
Similarly, in many plant species, the aphid fecundity is reduced by C6-aldehydes
and alcohols (Hildebrand et al. 1993). These compounds are synthesized from
13-hydroperoxy linolenic acid by the catalytic action of hydroperoxy lyase enzyme.
Presence of jasmonate and tissue wounding will elicit the expression of lipoxygen-
ase gene, which in turn stimulates the hydroperoxy lyase enzyme. The increased
activity of the enzyme enhances the ability of plants to produce the six-carbon com-
pounds which contribute to plant protection (Creelman and Mullet 1997).

Exogenous application of JA in lima bean plants induces a specific mixture of
volatile compounds, which is similar to the blend induced by the real attack of the
herbivorous spider mite, Tetranychus urticae.. Further it was reported that
JA-induced plants were visited by more carnivorous insects than non-induced plants
suggesting that JA treatment may be used effectively in pest management (Radhika
Venkateshan 2015).

15.11 Salicylic Acid (SA)

Salicylic acid is a phytohormone involved in signalling of plant defence against
pathogens. The salicylic acid is synthesized in two pathways, one is from chorismate
by the action of phenylalanine ammonia lyase (PAL), and the other pathway is from
chorismate via isochorismate, catalysed by isochorismate synthase enzyme (ICS).
SA induces resistance in plants against herbivores and other pathogens by production
of pathogen-related proteins (Van Huijsduijnen et al. 1986) (Fig. 15.3b). Salicylic
acid-induced plant communication is mediated by at least two mechanisms, one
requiring the non-expressor of PR1 (NPR1) and second independent of NPR1 gene.
It also induces systemic acquired resistance (SAR) in plants. SA helps in signalling
nearby plants by converting into the volatile ester, methyl salicylate (MeSA). For
example, MeSA is reported in the headspace volatiles of lima bean, Arabidopsis,
tomato and soybean within hours of damage. MeSA also attracts insect predators
singly and in combination with other HIPVs (Shah 2003). Treatment of lima bean
plants with methyl salicylate and jasmonic acid produces a volatile blend closely
resembling to that of herbivorous spider mite (Tetranychus urticae)-induced volatiles
rather than JA treatment alone. Thus, JA and SA signalling pathways are synergisti-
cally involved in induction of herbivore-induced plant volatiles (Ozawa et al. 2000).

15.12 Herbivore-Induced Plant Volatile Emission

The amount of plant volatiles released in response to herbivore attack depends on
various physical and environmental factors (Gouinguene and Turling 2002).
Takabayashi et al. (1994) studied the importance of light in production of volatile on
uninfested lima bean leaves (Phaseolus lunata). The study reports that more num-
ber of predatory mites was attracted in the leaves placed under high light intensity
than the low light which is due to differential release of volatiles under two different
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light regimes. Similarly, the importance of light on emission of induced volatiles
was reported by Maeda et al. (2000) in kidney bean (Phaseolus vulgaris) plants
attacked by the spider mites (Tetranychus urticae), which are more active during
light periods. Besides the intensity of light, temperature, relative humidity, atmo-
spheric CO, concentration and nutrient status of the plant also influence the volatile
emissions. Apart from the environmental factors, synthesis and release of various
plant volatiles are regulated at the level of gene expression (Dudareva et al. 1996;
Mc Conkey et al. 2000). The spatial and temporal release of herbivore-induced vol-
atiles is under the control of transcriptional regulation. Not only that, the exposure
of undamaged plants to herbivore-induced volatiles released by the damaged parts
also plays a key role in regulation of gene expression involved in defence metabo-
lism (Arimura et al. 2000).

The volatile emission and elicitation of other plant defence responses are induced
by feeding behaviour of herbivore, which enables the plant to differentiate between
general wounding and damage caused by chewing insects. In cotton, high amount
of volatiles were released in response to wounding, created by caterpillar feeding
rather than mechanical damage in the plants (Pare and Tumlinson 1997a). Similarly,
in tobacco also, high concentrations of jasmonic acid are produced as result of dam-
age by herbivore caterpillars than the mechanical injury to the plant tissues
(McCloud and Baldwin 1998). This clearly indicates that various components like
enzyme, elicitors and other factors associated with chewing and behaviour of insect
herbivores trigger the emission of plant volatiles.

Different herbivore species produce elicitors with various structures to release
plant volatiles. However, the biochemical mechanisms by which the elicitors trigger
the synthesis and emission of volatiles in herbivore-infested plant are unknown. So
far only one, volicitin, herbivore-specific volatile elicitor has been identified. But in
some oral secretions of insect herbivores, other compounds analogous in structure
to volicitin were also reported (Pare and Tumlinson 1999).

15.13 Fate of Volatiles After Release

The plant volatiles, after release into the atmosphere, are exposed to UV radiation
and various reactive gases which affect their life span (Kroll and Seinfeld 2008).
Hence, the function and activity of plant volatiles are only for limited time and
mainly depend on its dispersal and reactivity with other compounds. The released
HIPVs react with the gaseous, liquid and solid particulate matter present on the
atmosphere and result in the formation of several reactive products such as second-
ary organic aerosols (SOA) (Joutsensaari et al. 2005; Virtanen et al. 2010). UV
radiation triggers the oxidation of volatile compounds and results in the production
of hydroxyl radicals (OH) and accumulation of ozone. The OH radicals lead to the
conversion of NO to NO,, and O; radicals react with other volatile organic com-
pounds emitted in to the atmosphere (Pinto et al. 2010). In the presence of OH radi-
cals and NO, the isoprene, monoterpenes and sesquiterpenes react with NOs radicals
and result in the formation of organic nitrates (RONO,). These organic nitrates are
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removed from the air during precipitation; thus, plant volatile organic compounds
(VOCs) help to remove NO, from the lower troposphere zone (Lerdau and Slobodkin
2002). It is also reported that VOCs released from plants also remove ozone from
the troposphere and promote formation of secondary aerosol by ozonolysis (Lerdau
and Slobodkin 2002; Virtanen et al. 2010). The organic nitrates of atmosphere act as
reservoirs of NOx which help in formation of ozone and secondary organic aerosols
(Pratt et al. 2012). The ability of plant volatiles to control and promote the formation
of ozone in troposphere can benefit plants by eliciting many defence reactions
against herbivores and many fungal pathogens (Sandermann et al. 1998; Cui et al.
2012). The tomato plants, when exposed to elevated O; levels, prolonged the
developmental time and reduced the fecundity in whiteflies, Bemisia tabaci
(Holopainen and Blande 2012). Plessl et al. (2005) reported that barley plants at
high concentration of atmospheric O; reduced the aggressiveness of Drechslera
teres, plant pathogenic fungi.

Herbivore-induced plant volatiles, with their chemical and physical properties,
attract the natural enemies of herbivore from longer distances. However, the con-
centration of volatiles in the atmosphere will rapidly reduce if the distance is
increased from the point of plant damage (McFrederick et al. 2009).

15.14 Conclusion

Plants produce a large number of volatile organic compounds. Some of these are
specifically produced upon herbivore attack and are called as herbivore-induced
plant volatiles (HIPVs). The HIPVs play a major role in plant-plant and plant-insect
signalling pathways to combat herbivores. HIPVs are specific, nontoxic, biodegrad-
able and can be used as alternative to synthetic pesticides.

In the recent years, there is a significant progress in studies of biochemical and
molecular mechanisms involved in host plant-herbivore-insect interactions.
Advanced technologies for qualitative and quantitative analyses of plant volatiles
will contribute to the identification of key compound in herbivore-induced defences.

Developments in molecular biology have opened new perspectives in identifying
the genes responsible for the induction of plant volatiles and developing crops with
induced resistance to insect pests. Thus, research in the field of HIPVs will be help-
ful for employing volatile compounds as potential biocontrol agent in plant pest
management.
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Abstract

Confined to a narrow region but rich in nutrients, rhizosphere is always favorable
to interactions between microorganisms and plants. While many soil microor-
ganisms have no obvious effects on plants, some have negative as well as positive
effects on plant growth. Plant growth-promoting rhizobacteria (PGPR) are ben-
eficial microbes which have been fruitfully applied in agriculture to enhance
seedling emergence, plant weight, crop yield, and disease resistance. Among
these, some PGPR strains mediate plant growth promotion in direct and/or indi-
rect manner by releasing volatile organic compounds (VOCs). Bacteria emitted
a wide array of volatiles ranging from inorganic such as hydrogen cyanide (HCN)
and nitric oxide (NO) to organic such as hydrocarbon, ketone, acids, terpenes,
etc. Bacterial VOCs promote plant growth by eliciting different signaling path-
way and show correlation with plant growth hormones also. In particular,
2,3-butanediol and acetoin were reported for the heightened level of plant growth
promotion and triggering induced resistance against fungal pathogens. This
chapter focuses on recent research study and role of bacterial volatiles in plant
growth promotion and protection against pathogens.
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16.1 Introduction

For the good health, healthy food is the main concern which is directly related to the
present agroecosystem. Agricultural products are the primary dietary source of pro-
teins, carbohydrates, fat, vitamins, and other nutrients. With the increasing popula-
tion, the need of dietary sources is increasing day by day drastically that ultimately
leads to use of different chemicals in the form of phytohormones and pesticides to
promote plants growth and amelioration of pathogens, respectively, to get quick
result. Presently, the primary concern for the cultivator is to cultivate disease-free
plant and to gain high yield in any adverse condition. Plants act in response to attack
by pathogens or herbivores by inducing resistance phenomena through extensive
changes in the gene expression, resulting in expression of various traits de novo or
at much higher intensities, which diminish or put off further tissue damage (Karban
and Baldwin 1997). Such plant responses expressed systemically because patho-
gens and herbivores can spread from the preliminary site of attack to other organs.
This systemic response gets regulated by long-distance signaling of three plant hor-
mones, namely, jasmonic acid (JA), ethylene, and salicylic acid (SA). SA and JA are
transported either themselves or in the form of derivatives within the plant to elicit
systemic responses against pathogen (Jain et al. 2017; Wasternack 2007; Heil and
Ton 2008). Belowground, around the roots, rhizosphere is a narrow region where
root-secreted exudates in the form of secondary metabolites affect the growth of
indigenous microflora. This area can also be considered as a battlefield where ben-
eficial bacteria and deleterious microorganisms compete for the resources. Among
the diverse microbial population of the rhizosphere, the beneficial root-associated
bacteria, also referred to as plant growth-promoting rhizobacteria (PGPR), have
been used to control plant diseases and enhance plant growth and yield. Such a dis-
ease controlling strategy is referred to as biological control in contrast to chemical
control. Several mechanisms have been explained till now to elucidate PGPR-
mediated plant growth stimulation. These mechanisms are broadly categorized as
direct and indirect where phosphate solubilization and production of different plant
hormones, i.e., indole acetic acid (IAA), gibberellic acid (GA), and cytokinin,
directly enhance the plant growth, while biocontrol of plant pathogens and deleteri-
ous rhizosphere microorganisms indirectly promotes growth by avoiding growth-
limiting conditions (Glick 1995; Idriss et al. 2002; Kloepper 1992). This indirect
mechanism of suppression of harmful microorganisms is known as induced sys-
temic resistance (ISR) (Kloepper 1992; Dobbelaere et al. 2003).

Research studies have revealed that signaling molecules involved in the long-
distance signaling through the vascular system can also be volatile compounds that
move in the headspace outside the plant (Heil and Ton 2008). Volatile organic com-
pounds (VOCs) released from bacteria act as signaling molecules for other bacteria,
animals, insects, plants, and microorganisms (Farag et al. 2013). Zoller and Clark
first of all reported microbial VOCs. These signaling molecules have been reported
to have considerable role in plant growth, ameliorating abiotic stress in plants and
as inhibitor of fungal pathogens (Baily and Weisskopf 2012; Davis et al. 2013).
Plant-plant communication has been reported in several taxonomically unrelated
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plants due to freely moving nature of VOCs in the air (Tscharntke et al. 2001;
Engelberth et al. 2004; Heil and Kost 2006; Paschold et al. 2006; Heil and Bueno
2007; Ton et al. 2007; Godard et al. 2008). These studies show the role of VOCs in
herbivore resistance via plant-plant communication phenomenon, and similar vola-
tile compounds from beneficial bacteria can also mediate the beneficial effects (Ryu
etal. 2003, 2004b). Volatile derivatives of two major signaling molecules SA and JA
play a major role in plant defense. Methyl salicylate (MeSA), volatile derivative of
SA, has been projected as the most probable systemic signal in the plant (Park et al.
2007). In tobacco, active resistance-inducing compounds were formed by SA after
being converted back from MeSA that shows resistance induction in tobacco plants
by higher exposure of MeSA (Kumar and Klessig 2003; Forouhar et al. 2005;
Shulaev et al. 1997).

In context to the plant defense, PGPB-produced VOC:s elicited plant growth pro-
motion, and induced systemic resistance provides a new insight in plant growth-
promoting bacteria (PGPB)-plant interaction (Chung et al. 2016; Weisskopf et al.
2016). Bacteria produce a wide range of VOCs that have been reported to play a
crucial role in plant defense. Some of the most common VOCs included dodecane,
2-undecanone, 2-tridecanone, 2-tridecanol, tetramethylpyrazine 2, 3-butanediol,
3-hydroxy-2-butanone (acetoin), etc. Volatile compounds, 2, 3-butanediol and
3-hydroxy-2-butanone, were reported to be the most important one and found to be
consistently released by the bacterial strain B. subtilis GBO3 and B. amyloliquefa-
ciens IN937a. A. thaliana plants primed with these strains have shown that signifi-
cant resistance upon challenge inoculation of Erwinia carotovora subsp. carotovora
SCCI concluded the role of VOCs in elicitation of ISR. Furthermore, genetically
modified Bacillus strain, lacking VOC-producing ability, was also used to justify the
priming activity of such VOCs to induce resistance against diseases (Ryu et al.
2003). Besides Bacillus, several strains of P. fluorescens were also reported for the
production of VOCs and shown more effectiveness in controlling root and seedling
diseases (Landa et al. 2002).

16.2 Bacterial VOCs: Diversified in Nature

Bacterial VOCs are diversified in nature as bacteria that produce a wide variety of
volatiles ranging from inorganic to organic compound with different subcategories.
In addition to the role in communication, several bacterial volatiles have been
reported for the antifungal activity, and most probably ketones have been proposed
to be responsible for this effect. Bacterial volatiles were found effective against a
wide range of fungi such as VOCs from Streptomyces that inhibit growth of entomo-
pathogenic fungi while from Staphylococcus pasteuri inhibit mycorrhizal fungi.
Furthermore, VOCs were also reported for the plant growth-promoting activity and
protection against bacterial phytopathogens (Schulz and Dickschat 2007). Bacteria
produce a wide array of inorganic and organic volatile compounds.
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16.2.1 Inorganic Compounds

Different types of inorganic VOCs such as nitric oxide (NO), hydrogen sulfide
(H,S), ammonia, or hydrogen cyanide (HCN) have been reported to release from
bacteria. Biosynthesis of HCN is catalyzed by HCN synthase, encoded by hicnABC
gene that converts glycine into HCN and CO,. Few bacterial species including
Pseudomonas, Chromobacterium, and Rhizobium have been reported for the pro-
duction of HCN, and it is produced under low-oxygen concentration at the end of
the exponential phase. Another volatile ammonia production is catalyzed by aspar-
tate ammonia lyase via conversion of aspartate to fumarate resulting in release of
ammonia (Bernier et al. 2011). In addition to these, NO is produced mostly from
L-arginine by nitric oxide synthases, while most H,S-producing bacteria generate
this gas through degradation of cysteine (Mattila and Thomas 2014).

16.2.2 Organic Compounds

Organic VOCs released from bacteria include different types of chemical classes
such as fatty acid derivatives, acids, sulfur, and nitrogen-containing compounds and
terpenes.

16.2.2.1 Fatty Acid Derivatives

These types of volatiles are most likely formed by alteration of products of the fatty
acid biosynthetic pathway, for example, hydrocarbons, aliphatic alcohols, ketones,
and other components. Short-chain hydrocarbons such as decane to tetradecane are
rarely found in microbes, while longer hydrocarbons such as hexadecane reported
particularly in abundant manner in cyanobacteria (Ladygina et al. 2006).
Hydrocarbons and acids occur fewer often than ketones and alcohols. Acetoin
(3-hydroxy-2-butanone), one of the most notable VOCs, belongs to ketone class and
is derived from pyruvate fermentation under anaerobic conditions (Ryu et al. 2003),
while another important compound 2,3-butanediol falls under short-chain alcohols
and is produced by Proteobacteria and Firmicutes under low-oxygen conditions
(Farag et al. 2013; Whiteson et al. 2014). Comparative to ketones and alcohols,
organic acids are found less abundant in bacterial volatiles which include several
short-chain fatty acids such as acetic, propionic, or butyric acids (Schulz and
Dickschat 2007).

16.2.2.2 Sulfur Compounds

Being one of the important components of proteins and primary metabolism in
plants and animal, sulfur is the most important macronutrient after nitrogen, phos-
phorus, and potassium, and its deficiency affects plant and animal health. Due to
sulfur deficiency, chlorophyll content and synthesis of ribulose-1,5-bisphosphate
carboxylase/oxygenase are reduced that restricts CO, assimilation and leads to sup-
pression of the photosynthetic machinery (Burke et al. 1986; Gilbert et al. 1997;
Aziz et al. 2016). The biogenesis of S-containing compounds, such as methanethiol,
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dimethyl disulfide (DMDS), dimethyl sulfide, or dimethyl trisulfide and 1-(methyl
thio)-3-pentanone, is often mediated by bacteria. Meldau et al. (2013) reported the
role of VOC DMDS emitted by B55 in plant growth promotion by priming the N.
attenuata 35S-etrlplant which is impaired in SO, uptake, with B55, and found
significant promotion in seedling growth.

16.2.2.3 Terpenes

Terpenes are derived via mevalonate pathway or deoxyxylulose phosphate pathway
from the terpene building units dimethylallyl pyrophosphate and isopentenyl pyro-
phosphate. Only monoterpenes (Co), sesquiterpenes (C,s), and their derivatives or
degradation products have been reported from bacterial volatile blends. Some of the
notable terpene volatiles from bacteria are earthy odorant geosmin and antibiotic
albaflavenone out of which the former is reported in several bacterial species, while
the latter one is exclusively found in Streptomyces (Schulz and Dickschat 2007).

16.2.2.4 Nitrogen-Containing Compounds

Bacteria released several nitrogen-containing VOCs such as trimethylamine (TMA),
2-amino-acetophenone (2-AA), indole, etc. Among these, indole is reported to be
produced by most of the PGPB and play an important role in plant growth. In
Escherichia coli, tryptophanase enzyme catalyzed the biosynthesis of indole as it
converts substrate tryptophan into indole, pyruvate, and ammonia (Lee and Lee
2010). Another VOC, 2-AA, can be used for the diagnosis of P. aeruginosa infec-
tions as it is aromatic in nature and responsible for the grape-like aroma of P. aeru-
ginosa (Que et al. 2013; Schulz and Dickschat 2007).

16.3 Bacterial VOCs: Plant Growth Booster

Arabidopsis thaliana, the model of the plant world, has been used for the most of
VOC-related studies using I-plate methods (divided plates), where compartments
are separated by a plastic border. This facilitates exchange of volatile compounds
without any physical diffusion of nonvolatile metabolites. Apart from that, research
studies have also been done on some other plants. Initially Ryu et al. (2003) revealed
that volatiles released from specific bacterial strains of PGPR have positive role on
the growth of Arabidopsis thaliana seedlings. PGPR consist of a broad range of
beneficial root-colonizing bacteria which can promote plant growth by means of
enhancing different plant growth-promoting traits such as seed emergence, plant
weight, and crop yields (Kloepper 1992; Ciancio et al. 2016). PGPR have been
widely used for seed or seedling treatment to increase the growth of several crops
and to restrain the growth of plant pathogens and harmful rhizosphere microorgan-
isms (Glick 1995). Apart from enhancing plant growth, certain PGPR provide pro-
tection against pathogen also by means of triggering ISR in plant through VOCs.
Several in vitro condition experiments have shown role of VOCs emitted by differ-
ent genera of PGPR strains in the promotion of plant growth and elicitation of ISR
against phytopathogens (Ryu et al. 2003, 2004a, b, c; Li et al. 2016). Two VOCs
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2,3-butanediol and its precursor 3-hydroxy-2-butanone (acetoin) released from the
strains GBO3 and IN937a have been reported for the plant growth promotion through
I-plate method. Furthermore, A. thaliana plants were reported with dose-dependent
stimulation in growth upon exogenous application of commercial acetoin and
2,3-butanediol, which suggest the effects of the volatile blend produced by the two
Bacillus sp. Later on, the role of these compounds as plant growth-promoting vola-
tile determinants was confirmed by applying 2,3-butanediol mutant strains of B.
subtilis, that results in no effect on plants” growth (Ryu et al. 2003, 2004a). VOCs
released by bacteria also play an important role in signaling of plant growth hor-
mones by regulating expression of some pathway genes. Correlation between some
hormones and VOCs has been described here.

16.3.1 Ethylene

Ethylene is a gaseous plant growth hormone in nature and plays an important role
in the VOC-mediated bacteria—plant interaction, and loss of the positive regulator of
the ethylene pathway EIN2 led to different growth behaviors in response to bacterial
strain IN937a and GB03 VOCs (Stepanova and Alonso 2009). VOCs from GB03
were found to be unable to trigger biomass increase in mutant ein2 (ethylene insen-
sitive2) (Guzm’n and Ecker 1990; Ryu et al. 2003), while in another study VOCs of
IN937a failed to show significant change in the growth promotion effect in the
ethylene-insensitive mutants etrl (ethylene responsel) (Bleecker et al. 1988), ein2,
and eirl (ethylene-insensitive rootl) (Luschnig et al. 1998). It implies that the plant
amends its response by means of a strain-specific signal transduction pathway.
Further in transcriptomic study, a subset of ethylene biosynthesis (ACO2, ACS4,
ACS12, and SAM-2) and ethylene response (CHIB, ERF1, and GSTI) genes
have been shown to respond to bacterial volatiles (Kwon et al. 2010). Different
expression of four enzymes, namely, aspartate aminotransferase, aspartate semi-
aldehyde dehydrogenase precursor, methionine adenosyltransferase (MAT3), and
S-adenosylmethionine synthetase 2 (SAM-2), has been reported upon exposure to
bacterial volatiles. Conclusively, it shows significant role of ethylene pathway in the
growth-promoting effect of bacterial volatiles.

16.3.2 Cytokinins

Plant growth hormone cytokinins play a major role in cell division processes and
control the leaf size, root and shoot meristem maintenance, and root architecture
(Argueso et al. 2010). Earlier, Arkhipova et al. (2005) have described the relation-
ship between microbial production of cytokinins and plant development. It is also
reported that B. megaterium failed to promote plant growth in plants devoid of the
histidine kinase cytokinin receptors and cytokinin receptor-deficient (CRE1)/
AHK4, AHK?2, and AHK3. Ryu et al. (2003) have also proven cytokinin role in
mediation of PGPR signals as Arabidopsis mutant’s crel and ein2 were found
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insensitive to GBO3 volatiles. Though no recognition of cytokinin-related genes was
reported in the succeeding microarray or proteomics studies (Kwon et al. 2010).
Taken together, it shows that cytokinins are crucial for the root development and
physiology; hence the importance of cytokinin pathway with respect to change in
plant growth mediated by bacterial volatiles appears to be worthy for deep
investigation.

16.3.3 Abscisic Acid

The abscisic acid (ABA) originally known to be involved in abscission and bud
dormancy also plays an important role in plant responses to environmental stresses
and pathogens. Its signaling pathway overlaps widely with sugar sensing in planta
(Rolland et al. 2006). Sugars, being a product of photosynthesis, play an important
role in plant growth and development. In this context, increased level of sugar con-
centration via increase in photosynthetic activity and chlorophyll content was
reported in the Arabidopsis seedlings treated with GBO3 volatiles that conclude role
of VOCs in photosynthesis (Zhang et al. 2008). In another study, although increased
photosystem efficiency was observed in Arabidopsis lines ginl and gin2, impaired
in hexokinase-dependent sugar sensing but found with no response to GB03 VOCs
(Moore et al. 2003). These studies suggested that VOCs promote photosynthesis by
means of triggering the repression of the hexokinase-dependent glucose signaling
pathway. Further, Zhang et al. (2009) have also confirmed the VOCs’ role in plant
growth by showing reduced concentration of ABA contents in aerial parts of the
plants exposed to bacterial VOCs in comparison to control plants. It was also
observed that GBO3 volatiles increase photosynthetic capacity in the plants via acid-
ification of the rhizosphere and consequent increase in iron uptake.

16.3.4 Auxin

Auxin is one of the main plant growth hormones found in different natural forms. It
conducts a complex signaling pathway that involves the spatial and temporal coor-
dination of auxin synthesis, transport, and perception. Plant growth-promoting rhi-
zobacteria have been reported to synthesize IAA to trigger plant growth promotion
(Kim et al. 2011; Kochar et al. 2011). Zhang et al. (2007) have shown in a transcrip-
tome study that genes associated with auxin synthesis and response showed differ-
ential regulation upon exposure of Arabidopsis to volatiles of GB03. Miiller et al.
(1998) have reported upregulation of enzymes, namely, tryptophan synthase, an
anthranilate synthase, and three nitrilases (two of these expressed specifically in the
aerial tissues of the plant), involved in the tryptophan-dependent IAA biosynthesis
pathway. Zhang et al. (2007) further supported this finding by using auxin transport
inhibitor naphthylphthalamic acid (NPA) that results in abolishment of this response.

Differential expression of expansin genes associated with cell wall remodeling
and cell expansion was also reported in the Arabidopsis leaves exposed to bacterial
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VOCs (Zhang et al. 2007). Similar upregulation has been reported for Lactuca
sativa EXPA5 and Nicotiana tabacum EXP2 and EXP6 (Wang et al. 2009; Minerdi
et al. 2011). Conclusively, these studies suggested the role of IAA biosynthesis, its
transportation and local tissue concentration in the enhancement of aerial part of the
plants, and hence its superlative role for the auxin machinery in the VOC-mediated
plant growth promotion.

16.4 Bacterial VOCs: Invisible Weapons Against Pathogens

Bacterial VOCs work as bacterial determinants that play an important role in plant
protection against invading pathogens. Volatiles 2,3-butanediol and phenazines are
known to possess antimicrobial activity and often been considered harmful to a
wide variety of biological systems. Priming the defense pathways by external elici-
tors allows the potentiated induction of defense response while not forthwith acti-
vating the defense signal cascades, which might be accompanied by the outflow of
energy for defense mobilization (Paré et al. 2005). PGPR priming is not directly
associated with direct changes in gene expression in leaves, but it is assumed that
elicitation ends in a rise within the quantity or activity of cellular elements that play
vital roles in defense signaling (Lee et al. 2012). Transcriptional expression of the
marker genes PRI, ChiB, and VSP2 involved in salicylic acid, jasmonic acid, and
ethylene signaling, respectively, was observed in the plants exposed to long-chain
VOC tridecane, released from P. polymyxa against the biotrophic pathogen P. syrin-
gae pv.tomato.Inanother study, Han etal. (2006) reported that volatile 2,3-butanediol
and acetoin from B. subtilis elicited a stronger ISR against P. carotovorum subsp.
carotovorum, whereas direct application of 2,3-butanediol failed to trigger ISR
against P. syringae pv. tabaci. In another study, Sharifi and Ryu (2016) found
increased resistance in Arabidopsis plants against the necrotrophic fungus B. cine-
rea via ISR elicitation through bacterial VOCs exposure and suggested major role
of volatiles in biocontrol against fungal phytopathogens. Recently, Tahir et al.
(2017) have reported induced protection in tobacco against bacterial wilt-causing
pathogen Ralstonia solanacearum upon priming with Bacillus whose volatiles
adversely affect the physiology and ultrastructure of the pathogens. This study sug-
gests that different defensive cascades are elicited in response to different
pathogens.

Furthermore, transcriptomic and proteomic analysis of A. thaliana exposed to
bacterial volatiles revealed that three major plant defense signaling pathways,
including salicylic acid, jasmonic acid, and ethylene, mediate these effects (Kwon
et al. 2010; Zhang et al. 2010). This study has shown that upon treatment with
GBO03, significant upregulation of VOCs was observed in the transcript of five ET
biosynthesis-related genes, namely, MAT3, SAM-2, ACS4, ACS12, and ACO2, while
strong induction was also found in the ET marker genes ERFI, GST2, and CHIB.
Another proteome study has shown the independency of ISR elicited by B. subtilis
FB17 to JA pathway but dependency on SA and ET signaling pathways against P,
syringae pv. tomato DC3000.
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Ethylene-insensitive plants treated with 2,3-butanediol did not elicit ISR, sug-
gesting that ethylene is a major player in this interaction (Farag 2014). Different
signaling pathways are responsible for the VOC-mediated induction of ISR. Mutants
and transgenic plant lines of plants exposed to volatiles have been used to reveal the
pathway (Han et al. 2006; Ramos et al. 2000; Ryu et al. 2003). Comparative study
of the signal transduction pathways potentiated by individual VOCs in the presence
or absence of exogenous priming agents offers more insight into the roles of elici-
tors and priming agents in eliciting plant defense responses and in increasing long-
term protection of plants (Lee et al. 2012). Different VOCs produced by bacteria
may help plants to change defense signaling pathways resulting in protection them
against various types of pathogens, i.e., necrotrophs and biotrophs. Ryu et al.
(2004a) reported independency of ISR triggered by GB03 emissions to the salicylic
acid, NPR1, and jasmonic acid signaling pathways although this response seems to
be mediated via ethylene. On the other hand, independency of ISR triggered by
strain IN937a to all the signaling pathways tested shows the possibility that addi-
tional VOCs utilize alternative pathways in planta. In fact, the ethylene (ET)-
dependent plant defense signaling pathway is more effective against a necrotrophic
pathogen such as P. carotovorum subsp. carotovorum than against P. syringae,
which requires an SA-dependent resistance response (Pieterse et al. 2009). Failure
to elicit ISR by C4-alcohol biosynthetic pathway mutants stain of Bacillus subtilis
confirms the role of acetoin and 2,3-butanediol as ISR volatile determinants.
Significant upregulation in the transcript profile of PDF1.2 gene was also observed
upon priming with B. subtilis strain GBO3 and strain FB17 (Ryu et al. 2004a).
However, how plants modulate and recognize PGPR VOC-elicited defense straight
away after pathogen infection remains to be fully elucidated.

16.5 Conclusion

With the diverse and rapidly evolving pathogens and global climate changes,
adverse effects have been increasing in food security by reduction in the world crop
yield. Although day-by-day increased application of pesticides and chemical fertil-
izers provides instant solutions for the plant disease and crop yield problems,
respectively, it ultimately leads to affect human and environment health in negative
manner. A wide array of research study on bacterial VOC—plant interactions has led
to an ever more conceptual understanding of the nature of bacterial VOCs and their
potential role in enhancing plant protection and productivity in a sustainable man-
ner. Significant modulation of plant metabolomics, physiology, and transcriptional
status upon exposing to bacterial VOCs shows the plants’ ability to recognize and
react to bacterial VOCs. These studies evidently revealed the necessity for imple-
mentation of bacterial VOCs in open-field conditions and stress their multiple roles
to extend pathogen resistance, protection against herbivores, and in general as bio-
control agents. Bacterial VOC—plant interaction studies opened up a new era of
bacterial VOC application for a sustainable development of agriculture with respect
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to crop protection and production strategies as a possible replacement for hazardous
pesticides and chemical fertilizers. Although bacterial VOCs are equivalent to
biopesticides or biofertilizers, effective use of bacterial VOCs still, however, remains
a big challenge.
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Abstract

Fungal volatile organic compounds (VOCs) commonly formed bioactive inter-
face between plants and countless of microorganisms on the above- and below-
ground plant—fungus interactions. Fungal-plant interactions symbolize
intriguingly biochemical complex and challenging scenarios that are discovered
by metabolomic approaches. Remarkably secondary metabolites (SMs) played a
significant role in the virulence and existence with plant—fungal pathogen inter-
action; only 25% of the fungal gene clusters have been functionally identified,
even though these numbers are too low as compared with plant secondary metab-
olites. The current insights on fungal VOCs are conducted under lab environ-
ments and to apply small numbers of microbes; its molecules have significant
effects on growth, development, and defense system of plants. Many fungal
VOCs supported dynamic processes, leading to countless interactions between
plants, antagonists, and mutualistic symbionts. The fundamental role of fungal
VOCs at field level is required for better understanding, so more studies will
offer further constructive scientific evidences that can show the cost-effectiveness
of ecofriendly and ecologically produced fungal VOCs for crop welfare.
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17.1 Introduction

Fungal volatile organic compounds (VOCs) mostly occurred as multifaceted
concoction with low-molecular-mass compounds resulting from diverse biosyn-
thetic pathways. VOCs are commonly carbon-based solids and liquids that enter the
gas phase by vaporizing at 0.01 kPa at temperature of approximately 20 °C (Pagans
et al. 2006). Fungi enable to produce carbon-based compounds from several blends
of gas phase, so it is called volatile organic compounds. Fungi have countless num-
ber of VOCs, which comprise of low-molecular-mass compounds, but still now
their actual roles have not yet been identified (Perez-Nadales et al. 2014; Scharf
et al. 2014). An approximately 479 of VOCs have been identified from only
Trichoderma fungi such as hydrocarbons; aldehydes; ketones; heterocycles; alco-
hols; thioalcohols; phenols; thioesters and their derivatives, including benzene
derivatives; and cyclohexanes (Siddiquee 2014; Korpi et al. 2009; Ortiz-Castro
et al. 2009). Fungal VOCs are found respectively from primary and secondary
metabolism pathways (Korpi et al. 2009). VOCs can diffuse through the soil and
atmosphere; they have model as “infochemicals” as shown in Table 17.1.

Fungi VOCs have different chemical classes such as peptaibols, gliotoxin,
gliovirin, polyketides, pyrenes, terpenoids, terpenes, derived compounds of shikimic
acid, and nonribosomal peptides. Considering the structures of Trichoderma, antibi-
otic molecules have been presented in nature mainly in two types (Sivasithamparam
and Ghisalberti 1998; Szekeres et al. 2005; Reino et al. 2008): (1) low-mass volatile
compounds (VCs) (nonpolar compounds) such as simple aromatic compounds,
specific polyketides like pyrones and butenolides, terpenes, and isocyanate, and
(2) high-mass compounds (polar compounds), like peptaibols and diketopiperazine
such as gliovirin and gliotoxin compounds. Quantification of the exact number of
VCs produced by fungi is not so easy task since they can produce more than 1000
compounds, depending on the effective strains, environment conditions, and the
detection methods.

Additionally, hybrid compounds are composed of moieties from common classes
as in the meroterpenoids, which synthesizes between terpenes and polyketides. In
the analysis of fungal genomes, more secondary metabolism genes of ascomycetes
are found compared to basidiomycetes, archeo-ascomycetes, and chytridiomycetes;
none of the secondary metabolism genes have been found in hemi-ascomycetes and
zygomycetes (Collemare et al. 2008). Genome code of ascomycete on the average
was found to be 16 for polyketide synthases (PKS), 10 for nonribosomal protein
synthases (NRPS), 2 for tryptophan synthetases (TS), and 2 for dimethylallyl tryp-
tophan synthetases (DMATS). In ascomycetes only PKS—-NRPSs was found, on the
average of three genes per species. Neurospora crassa, Coccidioides spp., and
Histoplasma capsulatum have been found, respectively, on 1-9 genes for PKSs, 3-6
genes for NRPS, and 0-2 genes for PKS-NRPSs than other ascomycetes. High
numbers of fungal species have been found in more than 40 genes encoding NRPS,
PKS, TS, hybrids, and DMATS, for example, Magnaporthe grisea was found on 45
genes (Collemare et al. 2008).
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Table 17.1 Structure, function, and odors of selected volatile compounds produced from fungi
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Table 1 — (continued)

Molecule Structure Potential Function(s); odors

2-Methyl-1-propancl HO\/l\ Fungivore attractant; mild alcohol odor

2-Heptanone /\/\)l\ Unknown; cheese odor
3-Methyl-butanel /\)\ Unknown; component of truffle odor
HO'

Source: Morath et al. (2012)

Filamentous fungi of Trichoderma are prolific producers of VOCs; these are
natural products that exhibited biological activities and also have a remarkable
impact on society. Some Trichoderma strains are interesting to the pharmaceutical
industry (antibiotics), while others are involved in toxic effects and disease interac-
tions with plants or animals (Fox and Howlett 2008). Some strains have capability
to decrease the severity of plant diseases against plant pathogens, through their high
antagonistic and mycoparasitic activities (Viterbo and Horwitz 2010). Some strains
of Trichoderma in the rhizosphere were found to have direct effects on plants,
enhancing plant growth and high uptake of nutrient, fertilizer efficiency, and high
percentage of seed germination and encouraging plant defenses against biotic and
abiotic damage (Shoresh et al. 2010), and some VCs are produced by Trichoderma
that have positive effects on the plants (Viterbo et al. 2007).

Heterotrimeric G-proteins and MAPKSs affect the production of Trichoderma
antifungal compounds (Reithner et al. 2005, 2007); the vell velvet gene has been
implicated in the regulation of gliotoxin biosynthesis and other secondary metabolite
(SM) genes, as well as conidiation in 7. virens (Mukherjee and Kenerley 2010).
Bioinformatics analysis of three Trichoderma genomes has distinguished that the
mycoparasitic species of 1. atroviride and T. virens are enriched in SM-related
genes as compared to 7. reesei (Martinez et al. 2008; Kubicek et al. 2011; Baker
et al. 2012; Mukherjee et al. 2012b).

Some VOCs have distinguished odors; however, it is not astonishing that notice
in VOCs began with the fungi that humans can smell, for example, the divergent
odor of macrofungi such as mushrooms and truffles; different VOCs have high value
in the culinary arts, of which aldehydes, terpenes, aromatics, alcohols, and thiols
dominate (Tirillini et al. 2000; Splivallo et al. 2007; Cho et al. 2008; Fraatz and Zorn
2010). Moldy odors consisted eight carbon-based compounds like 1-octen-3-ol and
3-octanone (Morey et al. 1997). Chemical ecologists significantly characterized an
important role of VOCs as semiochemicals that are applied as attractants and deterrents
to insects and other invertebrates. Fungal VOCs have been applied as biocontrol strat-
egies to inhibit plant pathogenic fungi in agriculture. In food industry, biocontrol
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approaches are also applied to inhibit postharvest fungal growth, termed as “myco-
fumigation.” Recently, fungal VOCs are referred to as “mycodiesel.” This book
chapter elaborated some important fungal VOCs with emphasis on their develop-
ment of plant growth enhancement.

17.2 Peptaibols

Peptaibols are biosynthesized in the large family of antibiotic peptides by several
fungi. These peptides comprised of approximately 7-20 amino acids that have high
content of 2-aminoisobutyric acid (Aib), alkyl-N-terminal amino acid, and
C-terminal hydroxyl-amino acid. The first compound of alamethicin F30 is isolated
from T. viride (Brewer et al. 1987; Meyer and Reusser 1967). It is usually a mixture
of at least 12 compounds. To date, the peptaibol database (http://www.cryst.bbk.
ac.uk/peptaibol) found about 317 peptaibol structures and classified them into nine
distinct subfamilies, and more than 190 peptaibols are found from the genus
TrichodermalHypocrea (Neuhof et al. 2007; Degenkolb et al. 2008a).

Trichoderma peptaibols are classified into four subfamilies, namely, 1, 4, 5, and
9 (Fig. 17.1). Subfamily 1 is comprised mostly of well-known structures and
included 18-20 amino acids in peptaibols. Eighteen-residue peptaibols of trichorzins
HA, MA, and PA, trichovirins II, trichotoxin and trichokindins are isolated from

SUBFAMILY 1
18 resi
5 AcUXMX (U, 7) Q (3, U) XUKX UPLxUUQ (L, I,V)ol
Group 18 (GIApos 2) AcUGKL U @[J,U)XUxX UPL UUQ(L,V) ol Trichotoxin, Trichoviring Il
Group 19 (S pos 2) AcUSAXN U QIJ,U)XUXX UPL UUQ(I.V) ol t ins, Trichoki T MA
Group 21 (Apos 2) AcURUA U QU VU2 UPLxUUQ Lx ol Trichostromaticins
Group 22 (WJF pos 18) AcUSAU J QU VUGL UPL UUQ W ol Trichorzing PA
19 residues
AcUAUULxQUUUSLxUPV=UVxQQLxol Trichastrigocn A
AcUGFUU QUUUSLxUPVxUVxQQLxol Tricholongin Il
0 residuss
s AcU(F, A} UAD (A, U)QU(V, L) UG (L, U} UPVUU (G, 0} QFol
Alamethicin type (P pos 2) AcU P UAU A QU YV UG L UPVUU G QFol  Alamethicn
Paracelsin type (A pos 2) AcU A UAU A QU L UG U UPVUU ¢ QFol  ParacelsinB
SUBFAMILY 4
1 rosidues
o5 AcUN Vi, Lx) (V, Lx) UPL=2LxUPX ol
AcUN v v UPL L UPV ol Trichavoring
14 esidues
=y Ac (U, J,Vx) (N, Q) (Vx, Lx) UP (A, S, Vi, Lx) (Lx, Vi) UP (U, Vx, Lx) (Vi, Lx} UP (Vx, Lx) ol
Ac U N, Q) L UP (A, S) v.I) ORI, ) L UR(L, V) ol Harzianing
Ac(U,J)  (N,Q) L UB (A, 5) v UP(J,U) L UP L ol Trichoviring
SUBFAMILY 5 (lipapeptaibols)
7 residues Oc  VxG LxUGLxLxol Trichodecaning
10 residue 0eUGVxU  VxLxUGLxLxol Lipopubescing
11 residues. OelGVxUGEV:  UGLxLxol Lipastrigocing.
SUBFAMILY 9 (aminolipopeptides) Trichopolyns

Fig.17.1 Schematic diagram showed the potential Trichoderma peptaibols of subfamilies (SF) 1,
4,5, and 9. Sequences are given in standard single-letter code (Ac, acetyl; U, Aib; J, Iva; Vx, Val/
Iva; Lx, Leu/Ile; ol represents the C-terminal amino alcohol). Bold letters indicated those residues
conserved within a given group. c¢s Consensus sequence (Source: These sequences have been sum-
marized from Neuhof et al. (2007), Degenkolb et al. (2008a), and Mukherjee et al. (2011))
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different potential strains of 7 harzianum; respectively, trichotoxins from 7. asperellum,
hypomurocins B from 7. atroviridis, and trichostromaticins from 7. stromaticum.
T. strigosum has produced 19-residue peptaibols like trikoningin type, trichostrigo-
cin, and tricholongin (Degenkolb et al. 2006a; Neuhof et al. 2007). The paracelsin
of 20-residue peptaibols was found from different Trichoderma/Hypocrea species
in T. longibrachiatum, T. citrinoviride, T. reesei/H. jecorina, T. strictipile, and T.
pubescens; longibrachins were found from 7. longibrachiatum and T. ghanense and
the alamethicin type from H. atroviridis, T. hamatum, and T. brevicompactum,
respectively (Hermosa et al. 2014). Peptides of 11 or 14 amino acids consisted of
subfamily 4 (SF4). Eleven-residue types of trichovorin peptaibols are diversely dis-
tributed in 7. viride, harzianin HK VI isolated from 7. pseudokoningii, trichorzins
and harzianin HBI isolated from 7. harzianum/H. lixii, hypomurocins A isolated
from H. atroviridis, and trichofumin A and B isolated from Trichoderma species
(Hermosa et al. 2014). The 14-residue types contain in trichovirins isolated from 7
viride (Briickner and Koza 2003) and harzianins isolated from 7. harzianum/H. lixii
(Rebuffat et al. 1995). Neuhof et al. (2007) reported the low-molecular-weight SF4
type found from 7. croceum and T. hamatum, an intermediate SF4 type found from
H. virens, and high-mass SF4 found from 7. tomentosum, T. longipile, T. oblongis-
porum, and H. semiorbis. Subfamily 5 (SF5) holds numerous lipopeptaibols, 7-,
10-, or 11-peptide residues, where the N-terminus is acylated by short fatty acid
chain, i.e., octanoic acid. However trichogins, trikoningins, and trichodecenins are
isolated from T. longibrachiatum (Auvin-Guette et al. 1992), T. koningii (Auvin-
Guette et al. 1993), and 7. viride (Fujita et al. 1994) respectively. Some lipostrigo-
cins are isolated from 7. strigosum and T. pubescens (Degenkolb et al. 2006b).
Subfamily 9 obtains only a limited number of peptaibols such as trichopolyns
cultured from 7. polysporum. Peptaibols frequently exhibited antifungal, antibacte-
rial, and anticancer properties (Degenkolb et al. 2008b; Sang and Blecha 2008;
Pruksakorn et al. 2010).

Peptaibols usually synergistically allied with cell wall-degrading enzymes to
prevent the growth of fungal pathogens (Schirmbock et al. 1994); the p-glucan iso-
lated plasma membranes of B. cinerea that suppressed by the peptaibols trichorzia-
nins TA and TB (Lorito et al. 1996), bioactivity of trichostromaticins A-E found in
T. stromaticum strains toward the cacao disease (Moniliophthora perniciosa)
(Samuels et al. 2000; Aime and Phillips-Mora 2005), and 20-residue peptaibols
isolated from 7. citrinoviride and applied antifungal activity toward forest tree
pathogens (Maddau et al. 2009). Shi et al. (2012) reported that the trichokonin VI
isolated from T. pseudokoningii cultures induces metacaspase-independent apoptosis
in parallel with the accumulation of cytoplasmic vacuoles in the plant pathogen of
Fusarium oxysporum. Peptaibols are involved in the biocontrol properties isolated
from the effective Trichoderma strains.

Peptaibols elicited resistance to the plants pathogens. A 20-residue peptaibol of
alamethicin from 7. viride produced jasmonic acid (JA) and salicylic acid (SA) bio-
synthesis in lima bean (Engelberth et al. 2001) and induced native and long-distance
electrical signals and defense in plants responses (Maischak et al. 2010; Rippa et al.
2010), while 18-residue peptaibols isolated from 7. virens stimulated defenses in
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cucumber against Pseudomonas syringae pv. lachrymans (Viterbo et al. 2007).
In 20-fold of alamethicin significantly applied indirect plant defense than JA in
Brussels sprouts plants (Bruinsma et al. 2009).

The pbsl gene of T. atroviride which encoded a long peptaibol synthetase has
been cloned in silico and related to a 19-module enzyme able to produce 19-residue
peptaibols (i.e., atroviridin) (Komon-Zelazowska et al. 2007). Two peptaibol syn-
thetase genes such as Salpsl and Salps2 are partially cloned by 7. harzianum
CECT2413. Salps1 showed to be a pseudogene (Vizcaino et al. 2005), and Salps2
contains a C-terminal end identical to Tex1 (Vizcaino et al. 2006). Subsequently
11- and 18-residue peptaibols are isolated from 7. harzianum.

17.3 Diketopiperazine-Like Compounds

Trichoderma species are nonribosomal peptide synthetases (NRPSs) that are
involved in the secondary biosynthesis of compounds other than peptaibols. The
first metabolite of gliotoxin has been found in Trichoderma virens strains (Brian
1944), and gliovirin is associated with epipolythiodioxopiperazine class of toxins
characterized by disulfide bridged cyclic dipeptide. These classes of compounds
have bind to protein thiols and generate ROS. 7. virens strain produced gliotoxin,
however, not yet gliovirin. It is more an effective antagonist against Rhizoctonia
solani, while the strain “P” produced gliovirin, not able to antagonize toward R.
solani (Howell et al. 1993).

Gliotoxin biosynthesis has been absorbed by a gli gene cluster and applied in the
opportunistic human pathogenic fungus A. fumigatus (Mukherjee et al. (2012b).
The gli cluster is composed of 12 genes from A. fumigatus, in the length of 28 kb
(Gardiner and Howlett 2005). Dioxopiperazine synthase (gliP) is derived in the
gliotoxin biosynthesis, producing the diketopiperazine ring. Gliotoxin can offer
several advantages to A. fumigatus when infecting a host that harbors other oppor-
tunistic fungi (Coleman et al. 2011). Besides, the gli biosynthetic cluster, which
encodes the reductase gliT, gives full safeguard to A. fumigatus against gliotoxin
(Schrettl et al. 2010; Davis et al. 2011). Gliotoxin compound only was found in 7.
virens “Q” strains, even though not found either in 7. atroviride or in T. reesei. In T.
virens, the gliP gene clustered with another seven gli genes with high similarity to
eight of the twelve described in A. fumigatus genes. Gli cluster is not produced from
T. atroviride genome. Seven gli genes, including gliP, are identified in 7. reesei
genome; however this species is not gliotoxin producer (Mukherjee et al. 2012b).

17.4 Polyketides

Polyketides (PKs) have more diverse structural SMs, including antibiotic activity
such as macrolides, tetracyclines, and polyenes or aflatoxins; it can be produced by
eukaryotic cells and bacteria. PKs are synthesized by highly complex polyketide
synthase (PKS) enzymes. PKSs catalyzed the natural products from simple
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precursors such as propionyl-CoA and methylmalonyl-CoA that are closely related
to fatty acid biosynthesis. Intermediate fatty acid biosynthesis is entirely reduced
into unfunctionalized alkyl chain form, and the intermediate PK biosynthesis might
be partially managed, providing the complex patterns of functional groups. However,
many PKs have several importance to pharmacology due to their antimicrobial,
anticancer, and immunosuppressive properties (Khosla 2009).

Several genes are observed in the 7 virens, T. reesei, and T. atroviride that encode
polyketide synthases. Divergent difference between mycoparasitic and saprophytic
species is found: encodes 11 predicted PKSs for 7. reesei (Martinez et al. 2008) and
encodes 18 predicted PKSs from 7. virens and T. atroviride (Kubicek et al. 2011).
Several genes of the genera Fusarium and Aspergillus have been obtained in the
biosynthetic pathway of PKs (Chiang et al. 2011; Frandsen et al. 2011).

NRPS-PKS may have calculated the specificity of adenylation and acyltransferase
domains with high accuracy. These characteristics of NRPS—PKS created valuable
resource for the identification of natural products (Yadav et al. 2009) and compara-
tively common practices in fungi and bacteria (Keller et al. 2005). Plant—fungus
interactions discovered the PKS/NRPS hybrid enzyme Acel of the rice blast fungus
Magnaporthe grisea (Bohnert et al. 2004; Collemare et al. 2008).

Bioinformatics and comparative genome analysis showed some genes encoding
PKS/NRPS hybrid enzymes in the Trichoderma genomes (Mukherjee et al.
2012a,b), for example, four in T virens, one in T. atroviride, and two in T. reesei.
Mukherjee et al. (2012a) screened the expression of genes in the encoding of 22 for
NRPSs and four for PK/NRPS hybrid enzymes when 7. virens mycelia contacted
with maize roots. The results showed among all mutants retained have the ability to
colonize maize roots. PKS/NRPS mutant is reduced in the stimulation of the defense
response pal gene, encoding phenylalanine ammonia lyase, but retained its capa-
bility to influence the defense response aox gene, which encodes allene oxide
synthase, providing evidence that PKS/NRPS enzyme is involved in Trichoderma—
plant interactions.

17.5 Pyrones

The 6-pentyl-alpha-pyrone (6-PP) is one of the most important volatile compounds
used as biocontrol agent in agriculture and food industry. 6-PP has a yellow pigmen-
tation and coconut odor. This volatile compound was firstly cultured from 7. viride
(Collins and Halim 1972), which subsequently isolated from different 7richoderma
species (Keszler et al. 2000; Vinale et al. 2008; Rubio et al. 2009). 6-PP has showed
good inhibitory properties against several phytopathogenic fungi such as R. solani
(Claydon et al. 1987), F. oxysporum (Scarselletti and Faull 1994), Ganoderma
boninense (Siddiquee et al. 2009), and Botrytis spp. (Poole et al. 1998).
Interference of the Thetfl gene in 7. harzianum, which codes for a cutinase
transcription factor 1 alpha, produced a yellow pigmentation, which associated
with the absence of two secondary metabolites derived from 6-PP. The Athctfl
strain decreased antimicrobial activities against Fusarium spp. (Rubio et al. 2009).
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The 6-substituted 2H-pyran-2-one compound was isolated from 7. virens and
showed antifungal activity against S. rolfsii (Evidente et al. 2003). Hill et al. (1995)
found two volatile antifungal compounds of massoilactone and y-decanolactone,
used as biocontrol agents against several plant pathogenic diseases. Viridepyronone
has showed antagonistic activity against S. rolfsii (Evidente et al. 2003). T. cerinum
cultures produced a new metabolite compound of cerinolactone and showed good
antagonistic activity against B. cinerea, R. solani, and Pythium ultimum (Vinale
et al. 2012).

The biosynthetic pathway observed that the G protein subunit Tgal in
Trichoderma is involved in the production of 6-PP (Reithner et al. 2005). The dele-
tion of the tagl gene in T atroviride resulted in mutants with decreased production
of 6-PP and other metabolites with a sesquiterpene structure, although other low-
molecular-weight antifungal metabolites are produced in these mutants. Rubio et al.
(2009) reported the transcription factor THCTF1 involved in 6-PP production and
applied antifungal activity of 7. harzianum.

Disruption of the Thetf1 gene resulted in mutants that never produced two 6-PP
by-products that showed lower antimicrobial effect than the wild-type strain. In
addition, a comparative study of the SMs of two wild-type Trichoderma species
with those of the Thctfl gene null mutant strain has been carried out by Daoubi
et al. (2009).

17.6 Terpenes

Terpenes constitute one of the largest groups of natural products comprising numer-
ous SMs with important pharmacological activities such as antibacterial, antiviral,
antimalarial, anti-inflammatory actions, the inhibition of cholesterol synthesis, and
anticancer activity. Terpene compounds are mostly involved as biocontrol activities
due to their antifungal properties (i.e., viridins and ergokonins), even though their
structural function in cell membranes (i.e., ergosterol) is necessary. Trichoderma
produced a large series of these compounds (Degenkolb et al. 2008a; Reino et al.
2008; Cardoza et al. 2011).

The biosynthesis of terpenes is split out into four steps (Fig. 17.2): (1) the syn-
thesis of precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), through two different pathways; (2) repetitive addition of the precursors
to form a series of homologues of prenyl diphosphate (PPP), which are the different
classes of terpenes; (3) the formation of terpene backbones through the activity of
specific synthases; and (4) secondary enzymatic modification of these backbones,
which provides functional properties and family diversity.

The isomerization of IPP produced the allylic isomer DMAPP, which is consid-
ered the first PPP. IPP and DMAPP are combined to form geranyl diphosphate
(GPP), a key factor of monoterpene biosynthesis. This molecule is summarized
again with IPP, giving (1) farnesyl diphosphate (FPP), a common intermediate in
the production of geranylgeranyl diphosphate and its diterpene derivatives; (2)
trichodiene and the sesquiterpene compounds, including trichothecene toxins; and
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Fig. 17.2 (a) Terpene biosynthesis from hydroxymethylglutaryl-coenzyme A (HMG-CoA) to
farnesyl pyrophosphate (FPP) through the so-called mevalonate pathway, followed by the biosyn-
thetic schematic pathway of several sesquiterpenes, triterpenes, and diterpenes that have been
identified in Trichoderma species. (b) Chemical structures of the most representative Trichoderma

terpenes
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(3) squalene, as a precursor of the triterpene pathway to produce prenylated pro-
teins, sterols, ubiquinones, dolichols, and other SMs of pharmacological relevance
(Chang and Keasling 2006), as well as plant carotenoids, gibberellins, tocopherols,
and chlorophylls (Kirby and Keasling 2009).

No individual monoterpenes are isolated from Trichoderma, although the forma-
tions of volatile terpenes, lactones, and alcohols are separately reported (Zeppa
etal. 1990). Harziandione is called to be the first diterpene cultured from 7richoderma
species (Ghisalberti et al. 1992). Sesquiterpenes in Trichoderma have showed anti-
bacterial, antifungal, and neuroleptic activities (Bennett and Klich 2003; Berg et al.
2003). Some examples of sesquiterpenes with antifungal activity are daucane ses-
quiterpene, 3,4-dihydroxycarotane, and lignoren, which displayed antimicrobial
activity against Mycobacterium smegmatis, B. subtilis, and P. aeruginosa and a
moderate antiyeast activity against Sporobolomyces salmonicolor and Rhodotorula
rubra (Berg et al. 2004). One particular group of sesquiterpenes includes the fungal
toxins known as trichothecenes. Only some Trichoderma species produced the
trichothecenes trichodermin and harzianum A (HA) (Cardoza et al. 2011).
Trichodermin displays antiyeast activity and phytotoxicity (Tijerino et al. 2011a),
while HA showed beneficial effects in plants and growth inhibition of phytopatho-
genic fungi (Malmierca et al. 2012). Ergokonins A and B are examples of
Trichoderma steroid antibiotics with antifungal properties against species of
Candida and Aspergillus (Vicente et al. 2001). 7. virens produced the fungistatic
and anticancer triterpene/steroid viridin, which reduced to viridiol, a compound
with herbicidal properties (Howell et al. 1993; Druzhinina et al. 2011). Mukherjee
et al. (2006) described a gene cluster for viridin biosynthesis and indicated that a
gene cluster is not involved in viridin production but in the synthesis of volatile
sesquiterpenes (Mukherjee et al. 2012b).

The terpene formation in Trichoderma produced mevalonic acid (MVA)
(Fig. 17.2). The MVA biosynthetic pathway is the first enzyme produced of glyco-
protein hydroxymethylglutaryl-coenzyme A reductase (HMGR). In T. harzianum,
partial gene silencing of hmgR always provided transformants with higher level of
sensitivity to lovastatin. However, these hmgR-silenced transformants produced
lower levels of ergosterol than the wild type and showed a reduction in their antifun-
gal activity against R. solani and F. oxysporum (Cardoza et al. 2007).

The biosynthetic pathway of triterpenes is one of the key steps of the stereospe-
cific epoxidation of squalene to 2,3(S)-oxidosqualene, produced by squalene epoxi-
dase (Liu et al. 2004). Squalene epoxidase is encoded by the ergl gene, isolated
from T. harzianum (Cardoza et al. 2006). The trichothecene biosynthetic pathway of
Fusarium species has been studied by Brown et al. (2004). The cyclization of FPP
to trichodiene is the first committed step in the biosynthesis of closely 100 different
trichothecene toxins and antibiotics produced by many fungi, for example, mostly
T-2 toxin uses (Rynkiewicz et al. 2001). The first step is catalyzed by trichodiene
synthase, which is encoded by the tri5 gene. Trichothecene compounds are pro-
duced by different Trichoderma species and classified within the clade brevicom-
pactum (Degenkolb et al. 2008a). This clade has a common pathway from FPP to
trichodiene, to trichodiol, and to trichodermol; the HA production in T
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arundinaceum, T. turrialbense, and T. protrudens; and the biosynthesis of the other
nonmacrocyclic trichothecene-type toxin trichodermin in 7. brevicompactum.
Cardoza et al. (2011) described trichothecene biosynthesis and a tri-cluster in 7.
arundinaceum and T. brevicompactum. The tri5 gene regulates the FPP—farnesol—
squalene—trichodiene balance during the different growth stages of cell; thus its
overexpression results in an increase in the level of transcription of three trichothe-
cene genes, namely, tri4, tri6, and tri10 (Tijerino et al. 2011b).

17.7 Nonribosomal Peptides

Peptaibols are synthesized by nonribosomal peptide synthetases (NRPSs). NRPS
compounds contain amino acid monomers (Strieker et al. 2010). The nonribosomal
peptides (NRPs) or peptaibols showed different group of molecules that play funda-
mental role in fungal physiology. These enzymes are synthesized from several vari-
eties of compounds from monomers to molecules with over 20 proteinogenic
residues, even though some are not proteinogenic or amino acid. Peptaibols are
commonly formed by the a-aminoisobutyric acid and C-terminal 1,2-amino alco-
hol. NRPS accessible database found more than 700 entries (http://bioinfo.lifl.fr/
norine/). The NRPS repertoire encoded in the three genome sequencing of
Trichoderma species; T. atroviride and T. virens are enriched in, respectively, 16
NRPS genes and 28 NRPS genes as compared to only 10 NRPS genes of T. reesei
(Kubicek et al. 2011). The above three species comprised of two peptaibol synthe-
tases, one for short (10-14 residues) and one for long (18-25 residues) peptaibols.
The long peptaibol synthetase-encoding genes have lacked introns and produced
about 60-80 kb long of mRNA that encodes about 25,000 amino acids (Druzhinina
et al. 2011). Long peptaibol synthetase gene (Tex1) (18-residue peptaibols) was
isolated from 7. virens Gv29-8 strain and latterly sequenced by Wiest et al. (2002).
A short peptaibol synthetase gene (Tex2) encoding a 14-module enzyme is assisted
to accumulate both 11-residue and 14-residue peptaibols found from 7. virens
(Mukherjee et al. 2011).

Phosphopantetheinyl transferases (PPTases) belong to a superfamily enzymes
and found in prokaryotes and eukaryotes which are syntheses varied range of com-
pounds, such as amino acids, fatty acids, polyketides, and nonribosomal peptides.
PPT1 enzyme was isolated from 7. virens, and it played an important role in second-
ary metabolism. A mutant in PPT1 gene in 7 virens is auxotrophic for lysine. It has
formed nonpigmented conidia and impotent to synthesize NRPs. Furthermore, the
Apptl mutants are incapable to inhibit the growth of phytopathogenic fungi
(Velazquez-Robledo et al. 2011).

In T virens, the VELVET protein always played a significant role in the morpho-
genesis and secondary metabolism. The mutant is incapable to produce gliotoxin
and associated with low levels of gliP gene transcription, which encoded the NRPS
of glyotoxin synthesis in A. fumigatus. A low transcription level of secondary
metabolism-related genes was found in the Avell strain, and it is applied in myco-
parasitism and biocontrol efficacy. However, the Avell mutant is impotent to
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safeguard cotton plants in P. ultimum- and R. solani-infested soil (Mukherjee and
Kenerley 2010).

Gliotoxin belongs to epipolythiodioxopiperazine (ETP) peptides which is
responsible of such lethal effect. It is important that all of the Trichoderma species
or even strains do not produce similar antibiotics. For example, T. virens strain “Q”
is capable to produce gliotoxin, whereas strains ‘“P” cannot. However, the strains
“P” produced the ETP class peptide, gliovirin, which has antimicrobial properties,
although a restricted spectrum activity against actinomycetes, oomycetes, and bac-
teria, whereas gliotoxin showed more potential against a wide range of microorgan-
isms (Howell 2006).

17.8 Production of Plant Hormones

Several numbers of researchers have concentrated on the main role of phytohor-
mones in microbially induced plant growth promotion, in cases either the microor-
ganisms/fungi release the phytohormones or instead stimulate the plant to produce
phytohormones (Sofo et al. 2011). Vinale et al. (2008) found major secondary
metabolites in liquid culture from the effective Trichoderma biocontrol strains such
as T. atroviride P1 and T. harzianum T22, T39, and A6. These effective strains pro-
duced several compounds such as butenolide, harzianopyridone, azaphilone,
1-hydroxy-3-methylanthraquinone,  harzianolide,  6-n-pentyl-6H-pyran-2-one
(6PP), and 1,8-dihydroxy-3-methyl-anthraquinone. Six-day old wheat seedlings are
grown in liquid suspensions with different concentrations in the range of 1-10
mgl~'. Compounds of T39 butenolide (1 mgl~"), anthraquinone (10 mgl~!), and har-
zianolide (1 mgl™") are significantly increased in the range of 23-24 cm for stem and
leaf length as compared to the control of 18.6 cm, and harzianolide (1 mgl™!) also
potentially increased about 43 mg of dry weight as compared to 34 mg of the con-
trol. T. harzianum T22 enhanced hormone levels in cherry rootstocks. T22 inocula-
tion of cherry resulted in significant increases in the order of 76% for root and 61%
for shoot growth, respectively.

High-performance liquid chromatography/mass spectrometry analysis found
gibberellic acid (GA3) and indole acetic acid (IAA) levels that are significantly
enhanced in both roots (40% and 143%, respectively) and leaves (49% and 71%,
respectively) with no variation in abscisic acid levels and decline in trans-zeatin
riboside levels (Sofo et al. 2011). Subsequently, auxins are stimulated by root induc-
tion and growth, and axial buds and leaves are inhibited by cytokinins and GA3
promoters (Blake et al. 2000). T22-treated plants observed the hormone changes
that could describe the higher root growth and shoot elongation recorded in these
plants. It is the upregulation of genes required for hormone biosynthesis or the
downregulation of genes that is involved in hormone catabolism induced by elici-
tors secreted into the medium by T22 or via direct transfer from the fungus to the
root cells as suggested by Harman et al. (2004).

Vinale et al. (2008) found that harzionalide and 6-PP two of the major secondary
compounds produced by 7. atroviride and T. harzianum provoked an auxin-like
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effect on etiolated tomato (Lycopersicum esculentum), pea (Pisum sativum), and
canola (Brassica napus) seedlings. Benitez et al. (1998) found that coculture of
tomato seeds with Trichoderma, separated by a cellophane membrane, allowed pro-
motion of seed germination. These results suggested that Trichoderma produces and
secretes plant growth-promoting and seed-germinating factors. Recently, 7. atro-
viride and T. virens produced 3-indoleacetic acid-related indoles. In Trichoderma
liquid cultures, IAA-related indoles are produced that are stimulated by the addition
of I-tryptophan (Gravel et al. 2007; Salas-Marina et al. 2011). Inoculation of A.
thaliana or tomato plants with Trichoderma showed the stimulation of plant growth
and biomass production (Gravel et al. 2007; Salas-Marina et al. 2011). The produc-
tion of [AA-related indoles could be one of the mechanisms employed by
Trichoderma to enhance the plant growth and rise up the number of secondary roots,
leading to higher biomass accumulation in Arabidopsis (Salas-Marina et al. 2011).
Gravel et al. (2007) proposed that the degradation of IAA by Trichoderma allowed
a reduction on the negative effect of IAA on root elongation, which could decrease
ethylene (ET) production, resultant from a reduced in its precursor 1-aminocyclopr
opane-1-carboxylic acid (ACC) and/or ACC deaminase activity existence in
Trichoderma. 1t demonstrated that 7. asperellum T203 has high 1-amino
cyclopropane- 1-carboxylic acid deaminase (ACCD) activity when growing in ACC
as the solitary nitrogen source. The ACCD encoding gene Tas-acdS is upregulated
when ACC is added to the culture medium. Silencing of Tas-acdS showed the
reduced ability of silenced transformants to stimulate root elongation of canola
plants (Viterbo and Horwitz 2010). These mechanisms could be the main responsi-
ble for plant growth-promoting activity (Gravel et al. 2007; Viterbo and Harwitz
2010; Salas-Marina et al. 2011).

Martinez-Medina et al. (2011) analyzed five major hormones in the endogenous
levels (zeatin (Ze), IAA, jasmonic acid, salicylic acid, and the ethylene precursor 1
aminocyclopropane-1-carboxylic acid (ACC)) in the plants of melon inoculated
with T. harzianum CECT 20714. In shoot and root growth, recorded are the above
concentrations of 30% for Ze, 40% of IAA, and standard ACC concentrations. IAA
is a common natural auxin in plants and positively affects root morphology and
growth (Vessey 2003). Roots are mainly sensitive at varying levels of IAA, and root
enhancement could be significantly affected by exterior bases of plant growth regu-
lator including those produced by soil microbes (Tanimoto 2005). IAA has
I-tryptophan metabolism produced by several groups of microbes (Arshad and
Frankenberger 1992). For example, Azotobacter paspali releases IAA into culture
medium and enables to increase the dry weight of leaves and roots with different
plant species (Barea and Brown 1974). In an in vitro study, inoculation of canola
seeds with Pseudomonas putida GR12-2 produced IAA and later increased the
length of seedling roots (Caron et al. 1995).

Trichoderma virens spores are applied to Arabidopsis seedlings for increasing
shoot and root growth. There is a four- to sixfold stimulation in lateral root forma-
tion. T. virens inoculation increased in auxin-regulated gene expression within the
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plant (Contreras-Cornejo et al. 2009). It also produced auxin compounds for pro-
moting root development and plant defense mechanisms. Mutation genes are
involved in auxin transport or signaling such as BIG, AUXI, EIR1, and AXR1
which declined the growth-promoting effects of 7. virens inoculum.

In liquid culture of 7. virens, IAA and [AA-related compounds are isolated.
Production of TIAA is 17 times higher in medium supplemented with tryptophan.
Fungus induces shoot and root growth including lateral root formation, which pro-
vides more root surface area for colonization. The branched roots have increased
water and nutrient uptake capacity (Contreras-Cornejo et al. 2009). Plant growth-
promoting rhizobacteria, bacteria growing in the rhizosphere of plants, are used
with tryptophan to synthesize IAA. Bacteria produced ACC deaminase that stimu-
lated plant growth. The ACC enzyme cleaves the plant hormone ethylene to produce
a-ketobutyrate and ammonia (Todorovic and Glick 2008). Ethylene is an important
signaling molecule in plants when under attacked by pathogens or exposed to abi-
otic stresses that affect plant growth (Abels et al. 1992; Pierik et al. 2006). Inoculation
of plants with bacteria that produced ACC deaminase has lower ethylene levels, and
the effects are longer roots and reduced plant growth inhibition (Glick et al. 1998).
Subsequently, IAA can stimulate the activity of the enzyme ACC deaminase; JAA
synthesized by bacteria cannot only direct stimulation of cell elongation and divi-
sion; however, it also promoted plant growth by inhibiting ethylene synthesis.

Trichoderma atroviride promoted plant growth and subsequently increased the
yield of tomato in hydroponic conditions. Production is increased based on the addi-
tion of I-tryptophan, tryptamine, and tryptophol in cultural medium. Growth promo-
tion of tomato seedlings is stimulated in the presence of cumulative concentrations
of l-tryptophan; as a result the fungus could synthesize IAA through tryptophan-
dependent pathway (Gravel et al. 2007). Tanimoto (2005) widely reported that high
levels of exogenous IAA can be deleterious to root elongation. This effect has been
linked with an increase in ethylene levels in the plant (Glick et al.1997, 1998),
because of IAA-induced stimulation of ACC synthase, which catalyzes the transfor-
mation of S-adenosyl methionine to ACC, the precursor of ethylene in plants (Kende
1993). When exogenous IAA is applied to the roots of tomato seedlings, root length
has decreased; however when seedlings are inoculated with 7. atroviride with the
presence of exogenous IAA, root length is significantly increased. Results sug-
gested that 7. atroviride could partially degrade IAA in vitro, so the fungus is able
to produce the enzyme ACC deaminase. Based on these observations, the authors
hypothesized two ways in which the fungus could reduce the detrimental effect of
IAA on root elongation: (1) 7. atroviride could degrade IAA close to the roots at the
presence level that will not inhibit root elongation, and (2) 7 atroviride could con-
trol the ethylene concentration through the reduction of its precursor ACC by the
action of ACC deaminase. T. asperellum has been grown in a medium with ACC,
and only nitrogen source produced high levels of ACC deaminase. Brotman et al.
(2010) also reported plant growth promotion mediated by the synthesis of auxin by
Trichoderma spp. and the activity of the enzyme ACC deaminase.
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Abstract

The rhizosphere is defined as the zone of soil surrounding the plant roots. Plant
roots secrete a variety of plant exudates rich in nutrients resulting in accumula-
tion of more bacteria in the rhizosphere region, generally 10-100 times higher
than in the bulk soil. The bacteria colonizing this rhizosphere region are called as
rhizobacteria, and those which help in promoting the growth of plants are called
as plant growth-promoting rhizobacteria (PGPR). Currently, many biological
approaches have gained importance for improving the crop production. One of
the approaches includes using microbes as bioinoculants to promote growth and
development of plants. Many rhizobacteria are presently being used as bioinocu-
lants. They possess different mechanisms to enhance the plant growth such as
nitrogen fixation, phosphate solubilization, production of siderophores, produc-
tion of l-aminocyclopropane-1-carboxylate deaminase (ACC), phytohormone
production exhibiting antifungal activity, quorum sensing (QS) signal interfer-
ence, induction of systemic resistance, interference with pathogen toxin produc-
tion, and production of volatile organic compounds (VOCs). The production of
VOCs by microorganisms can be considered as a novel characteristic property of
PGPR in promoting the plant growth. The chemicals produced by microorgan-
isms like bacteria and fungi as a part of their metabolism are called as microbial
volatile organic compounds (MVOCs). These can modulate the physiology of
plants and microorganisms and thus can provide an alternative method to use of
chemicals in protecting plants from pathogens and increasing crop yield. MVOCs
can be considered as ecofriendly and cost-effective strategy for sustainable
agriculture.
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18.1 Introduction

The soil has the most dynamic biological component with diverse types of living
organisms — microorganisms as well as larger soil fauna such as nematodes, earth-
worms, ants, insects, rodents, etc. A wide range of microorganisms inhabit soil, but
the most important ones are bacteria, actinomycetes, fungi, algae, protozoa, and
viruses. These microbes vary in numbers and types owing to the vast differences in
the physical and chemical characteristics of soils and also differences in agricultural
practices. Microorganisms in soil are important in affecting soil structure and main-
taining soil fertility. Microbes play an important role in cycling of nutrient elements
(C, N, P, S, Fe) and are sources of industrial products such as enzymes, antibiotics,
organic acids, vitamins, etc.

The bacteria are the most dominant of all the soil microorganisms, and they
range from 10° to 108 per gram of soil. They vary in both numbers and types depend-
ing upon the physical, chemical, and biological conditions of the soil. Bacteria are
the vital components of soils involved in various activities in the soil improving the
soil fertility and enhancing the crop production (Ahmad et al. 2008; Chandler et al.
2008; Ahemad and Khan 2009). They promote plant growth by solubilizing or pro-
viding nutrients, producing plant growth hormones, controlling or inhibiting plant
pathogens, sequestering toxic heavy metals from soils, etc. (Braud et al. 2009;
Hayat et al. 2010; Rajkumar et al. 2010; Ahemad and Malik 2011; Ahemad 2012).

18.1.1 Rhizosphere and Rhizobacteria

The narrow zone of soil directly surrounding the root system (plant roots and root
hairs) is referred to as rhizosphere. There are three separate but interacting compo-
nents in the rhizosphere region: the rhizosphere (soil), the rhizoplane, and the root
itself (Fig. 18.1). Many microorganisms are especially abundant in this rhizosphere.
The zone of soil surrounding the roots is called rhizosphere and is influenced by
substrates released by roots which affect microbial activity. The root surface includ-
ing the strongly adhering soil particles is called rhizoplane also harbors microbes.
The root itself is also a component of the system and many microorganisms (like
endophytes) colonize the root tissues (Barea et al. 2005).

Plant roots majorly play a role by providing the mechanical support and facilitat-
ing water and nutrient uptake. Apart from this, plant roots also synthesize and
secrete a variety of compounds which act as chemical attractants for diverse kinds
of soil microbes (Walker et al. 2003). The bacteria lodging around the plant roots
are called as rhizobacteria (Kloepper et al. 1991; Dakora and Phillips 2002). The
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Fig. 18.1 Longitudinal cross section of a root with the surrounding rhizosphere and
rhizobacteria

chemicals which are secreted by roots of different plant species into the soils are
called as root exudates. These include a wide range of chemical compounds such as
amino acids, organic acids, sugars, vitamins, enzymes, inorganic ions, and gaseous
molecules (Table 18.1). These exudates regulate the structure of soil microbial com-
munity in the immediate vicinity of root surface by modifying the chemical and
physical properties of the soil.

18.1.2 Plant Growth-Promoting Rhizobacteria

The bacteria colonizing the rhizosphere region around plant roots are called as rhi-
zobacteria. Rhizobacteria are more versatile and efficient in transforming, mobiliz-
ing, and solubilizing the nutrients when compared to bacteria from bulk soils.
Therefore, the rhizobacteria are considered as important in recycling of soil nutri-
ents and thus improving the soil fertility (Hayat et al. 2010; Glick 2012). All these
attributes of rhizobacteria help in promoting growth of plants, and thus these bacte-
ria are termed as plant growth-promoting bacteria (PGPR). PGPR should have the
following inherent characteristics: (1) they must colonize the root surface or the
rhizosphere region; (2) they must be able to survive, multiply, and compete with
other microorganisms and establish themselves; and (3) they must express the plant
growth promotion activities and result in plant growth (Ahmed and Kibret 2014).
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Table 18.1 Various compounds in root exudates of different plant species

Type of root
exudate
S. No. | compounds Examples
1 Amino acids a-Alanine, B-alanine, c-aminobutyric acid, a-aminoadipic acid,
arginine, asparagines, aspartate, cysteine, cystine, glutamate, glycine,
histidine homoserine, isoleucine, leucine, lysine, methionine,
ornithine, phenylalanine, proline, serine, threonine tryptophan, and
valine
2 Organic acids | Acetic acid, aconitic acid, aldonic acid, butyric acid, citric acid,
formic acid, fumaric acid, glutaric acid, glycolic acid, lactic acid,
malic acid, malonic acid, oxalic acid, pyruvic acid, succinic acid,
tetronic acid, and valeric acid
3 Sugars Hexoses and pentoses such as glucose, fructose, galactose, ribose,
xylose, rhamnose, arabinose, oligosaccharides, raffinose, and maltose
4 Vitamins Biotin, niacin, pantothenic acid, riboflavin, and thiamine
5 Purines Adenine and guanine
6 Enzymes Amylase, invertase, protease, and phosphatase
7 Inorganic ions | H*, OH-, HCO=3, CO,, and H,
and gaseous
molecules

Source: Dakora and Phillips (2002)

PGPR can be divided on the basis of their location into two types:

. Extracellular (ePGPR) — those which exist in the rhizosphere or on the rhizo-

plane or in the spaces between root cortical cells. Examples include Bacillus,
Azotobacter, Azospirillum, Pseudomonas, Agrobacterium, Arthrobacter,
Burkholderia, Caulobacter, Chromobacterium, Erwinia, Flavobacterium,
Micrococcus, Serratia, etc.

. Intracellular (iIPGPR) — those which exist inside root cells, generally in special-

ized nodular structures. Most of rhizobacteria belonging to this group are Gram-
negative rods, and examples include genera such as Allorhizobium, Azorhizobium,
Bradyrhizobium, Mesorhizobium, and Rhizobium (Figueiredo et al. 2011;
Bhattacharya and Jha 2012).

PGPR can also be classified based on their functional activities as (1) biofertilizers

increasing the availability of nutrients to plants, (2) phytostimulators causing plant
growth promotion through phytohormone production, (3) rhizoremediators degrading
organic pollutants, and (4) biopesticides controlling diseases, mainly by the production
of antibiotics and antifungal metabolites (Somers et al. 2004; Antoun and Prevost 2005).

18.1.3 Mechanism of Plant Growth Promotion by PGPR

Plant growth promotion mediated by PGPR occurs through the production of vari-
ous substances and mechanisms resulting in the alteration of the whole microbial
community in rhizosphere region. Large quantities of growth-promoting substances
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Table 18.2 Growth-promoting substances released by PGPR

Plant growth-
S.No. | promoting substances | PGPR

1. 1AA Pseudomonas putida, Pseudomonas aeruginosa, Klebsiella
sp., Rhizobium sp., Enterobacter sp., Bacillus sp.,
Bradyrhizobium sp., Mesorhizobium sp., Paenibacillus
polymyxa, Acinetobacter spp., Azospirillum sp., Rahnella
aquatilis, Serratia marcescens, Stenotrophomonas
maltophilia, Burkholderia, Azotobacter sp., Brevibacillus
spp., Xanthomonas sp., Sphingomonas sp., Mycobacterium
sp., Rhodococcus sp., and Cellulomonas sp.

2. Gibberellin and Azotobacter chroococcum
kinetin
3. HCN and ammonia Pseudomonas sp., Rhizobium sp., Bradyrhizobium sp.,

Enterobacter sp., Bacillus sp., Klebsiella sp.,
Mesorhizobium sp., and Serratia marcescens

4. Cytokinins Rhizobium leguminosarum

5. ACC deaminase Kluyvera ascorbata, Rahnella aquatilis, Stenotrophomonas
maltophilia, Acinetobacter sp., Pseudomonas sp., and
Burkholderia

6. Siderophores Brevibacterium sp., Bacillus sp., Azotobacter sp.,

Bradyrhizobium, Rhizobium, Mesorhizobium, Kluyvera
ascorbata, Variovorax paradoxus, Rhodococcus sp.,
Pseudomonas sp., Burkholderia, Enterobacter sp., Serratia
marcescens, Paenibacillus polymyxa, Proteus vulgaris,
Ralstonia metallidurans, Acinetobacter spp., and Klebsiella
sp.

7. Exopolysaccharides Pseudomonas sp., Rhizobium sp., Bradyrhizobium sp.,
Mesorhizobium sp., Enterobacter sp., Bacillus sp., and
Klebsiella sp.

Adapted from Ahemad and Kibret (2014)

are produced by these rhizosphere microorganisms that influence the overall mor-
phology and growth of the plants (Table 18.2). The beneficial effects of these rhizo-
bacteria on plant growth can be direct or indirect. PGPR promote plant growth
directly by either facilitating or increasing the availability of nutrients such as nitro-
gen, phosphorus, and other essential minerals or modulating plant hormone levels,
stimulating of root growth, or degrading organic pollutants and plant stress control.
Rhizobacteria can also promote plant growth indirectly by mechanisms of biologi-
cal control by reducing the disease incidence by inhibiting various plant pathogens
and development in the form of biocontrol agents which include antibiosis, induc-
tion of systemic resistance, and competition for nutrients and niches (Kloepper and
Schroth 1981; Glick 2012).

A wide range of plant growth-promoting traits have been studied in various
microbes (Fig. 18.2). They include phytohormone production (Joo et al. 2005; Tank
and Saraf 2010; Ahemad and Khan 2012c); production of siderophores (Tian et al.
2009; Jahanian et al. 2012); production of compounds such as 1-aminocyclopropan
e-1-carboxylate (ACC), hydrogen cyanate (HCN), and ammonia; nitrogenase
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Fig. 18.2 Mechanisms of plant growth promotion by rhizobacteria

activity (Glick 2005); phosphate solubilization (Ahemad and Khan 2012c¢); detoxi-
fication of heavy metals (Khan 2005; Wani and Khan 2010; Ma et al. 2011a); pesti-
cide degradation or tolerance (Ahemad and Khan 2012a, b); salinity tolerance
(Mayak et al. 2004; Tank and Saraf 2010); and biological control of phytopathogens
and insects (Murphy et al. 2000; Hynes et al. 2008; Russo et al. 2008). These traits
of microorganisms are responsible for the plant growth promotion and increased
yield through the action of multiple mechanisms (Bashan and Holguin 1997). Thus
PGPR offers an attractive way to replace the use of chemical fertilizers, pesticides,
and other supplements, increasing their potentiality in agriculture.

18.2 Novel Attributes of PGPR in Plant Growth Promotion

Agricultural crop yield and food security are alarmingly scaring due to rapidly
evolving plant pathogens and climate changes all over the world. The increased use
of chemical fertilizers and pesticides provides immediate solutions for the plant
disease control and increase crop yield. But their excessive use negatively effects
human health and environment. Therefore biological approaches have become
important for enhancing/ increasing the crop production especially among agrono-
mists and environmentalists. Diverse rhizobacteria possessing different mechanisms
are now being used as bioinoculants all over the world to promote growth and devel-
opment in plants. Bioinoculants are easy to deliver and cause an increase in biomass
production and crop yield. Although hazardous synthetic fertilizers and pesticides
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are replaced by biofertilizers, biopesticides, and biocontrol agents derived from liv-
ing microbes, alternatives are searched for, owing to their high costs, their reduced
efficiency, and inconsistent field performance (Glare et al. 2012). Research is being
carried out to explore new attributes of microbes in promoting plant growth and
crop protection. Emission of volatile organic compounds (VOCs) is one of the most
widespread mechanisms by which microorganisms modulate growth and develop-
ment of plants. Microbial volatile organic compounds (MVOCs) can become an
alternative to chemicals in providing disease resistance against plant pathogens and
can be exploited as a cost-effective strategy for enhancing plant growth and
productivity.

18.2.1 Volatile Organic Compounds (VOCs)

Volatiles organic compounds (VOCs) are low-molecular-weight compounds with
high vapor pressure. They exist in the gaseous state at room temperature and are
characterized by low to medium water solubility. All these properties of VOCs allow
them to easily evaporate into air. VOCs can be produced through industrial pro-
cesses, usually formed as by-products during the manufacture of paints, petroleum
fuels, pharmaceuticals, refrigerants, household cleaners, and other products. VOCs
can also be produced by microorganisms as a part of their metabolism called as
microbial volatile organic compounds (MVOCs).

18.2.2 Microbial Volatile Organic Compounds (MVOCs)

Microbial volatile organic compounds (MVOCs) are a type of volatile compounds
produced by microorganisms during their metabolism. Microbial volatile organic
compounds (MVOCs) are produced by different groups of microbes especially bac-
teria and fungi. Very few, around 1,000 MVOC:s released by 400 bacteria and fungi,
have been described so far in the literature (Effmert et al. 2012; Lemfack et al.
2014). A high proportion of unknown compounds are yet unexplored as revealed by
GC-MS analyses, suggesting a great potential for the discovery of new
compounds.

MVOCs are a complex mixture of low-molecular-weight lipophilic compounds
and include low-molecular-weight alcohols, aldehydes, ketones, amines, terpenes,
aromatic and chlorinated hydrocarbons, and sulfur-based carbon compounds.
Furfural, butanoic acid, propanoic acid, 5-hydroxy-methyl-furfural, -caryophyllene,
geosmin, 2-methyl-isoborneol, 1-octen-3-ol, a-pinene, camphene, camphor, metha-
nol, and acetaldehyde are among the most frequently emitted compounds. MVOCs
are derived from different biosynthetic pathways during microbial metabolism —
primary and secondary metabolism. In primary metabolism, MVOCs are produced
as by-products, while the organism breaks down food in the environment to extract
nutrients needed for the maintenance of cell structures. Examples include ethanol,
1-octen-3-ol, 2-octen-1-ol, and benzyl cyanide produced by some fungi such as
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Aspergillus niger, Aspergillus flavus, and Penicillium roqueforti and Botrytis cine-
rea. In secondary metabolism, the production of MVOC:s is driven by the competi-
tion for resources in a nutrient-poor environment. Examples include
2-methyl-isoborneol, geosmin (1-10-dimethyl-trans-9-decalol), and terpenes pro-
duced by fungi such as Chaetomium sp., Penicillium aurantiogriseum and
Penicillium vulpinum, and Aspergillus. Few bacteria such as Streptomyces griseus
and Streptomyces odorifer produce MVOCs such as geosmin, 3-methyl-butanol,
and 2-methyl-isoborneol. These emitted volatile compounds vary quantitatively and
qualitatively depending on the age and genetic profiles of the producing species as
well as also on external variables such as substrate, temperature, moisture level, and
pH of microbial growth (Sunesson et al. 1995; Claeson et al. 2002; Matysik et al.
2008).

A number of microorganisms interact with different ecological components via
the volatiles they release. MVOCs are produced both below- and aboveground and
interfere with the rhizosphere and the atmosphere in different ways (Tirranen and
Gitelson 2006; Wenke et al. 2010; Kanchiswamy et al. 2015). VOCs play an impor-
tant role in signaling between species that are present in a common ecological niche
as they can diffuse through the atmosphere and the soil. Different organisms respond
variedly to different MVOCs produced, and thus complex interactions can result at
trophic levels. Moreover, species-specific MVOCs can also serve as marker com-
pounds for the selective detection of microorganisms in the environment (Fiedler
et al. 2001).

Microbial volatile organic compounds can travel through the atmosphere, porous
soils, and liquids and serve as chemical windows through which the information
about the molecular basis of microbial activities is released. They function as semi-
ochemicals and help in mediating both short- and long-distance interactions at inter-
cellular and organisms level (Liang et al. 2008; Korpi et al. 2009). Thus MVOCs are
considered as ideal info-chemicals and are responsible for inter- and intraorganis-
mic communication and interactions between plants, antagonists, and symbionts
both below- and aboveground (Beattie and Torrey 1986; Maffei 2010; Maffei et al.
2011; Morath et al. 2012; Kanchiswamy et al. 2015).

18.3 Bacterial VOCs

Bacteria produce a wide variety of volatile compounds depending on the specific
metabolism or metabolic pathway(s) active in the bacteria. Bacterial VOCs com-
prise of hydrocarbons, alcohols, ketones, alkanes, alkenes, esters, sulfur compounds,
and terpenoids (Fig. 18.3). They occur over a range of concentrations and can act
over long distances (Wheatley 2002; Schulz and Dickschat 2007; Kai et al. 2009).
These volatiles emitted by bacteria trigger many physiological changes in a broad
range of organisms and influence interactions among various populations and com-
munities. Bacterial volatiles play an important role in bacterial-plant, bacterial—
bacterial, and bacterial-fungal interactions and affect either positively or negatively.
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They cause plant growth promotion, induce systemic resistance in plants, are effec-
tive against a wide range of plant-pathogenic bacteria and fungi, and act as biocon-
trol agents (Chen et al. 2008; Kai et al. 2008; Wan et al. 2008; Lee et al. 2010; Leroy
etal. 2011; Davis et al. 2013; D’ Alessandro et al. 2014; Kanchiswamy et al. 2015).
These progressive studies on MVOCs made by various scientists demonstrate criti-
cal roles in multitrophic interactions affecting agriculture and entire ecosystem.

18.4 MVOCs in Bacterial-Plant Interactions

Many bacteria colonize around the host plant and establish themselves in the rhizo-
sphere region. Extensive communication occurs between soil microorganisms and
plants during the different stages of plant development by signal molecules pro-
duced from the two partners. Bacteria play an important role by producing plant
growth-regulating substance such as auxins and/or cytokinins (Ortiz-Castro et al.
2009). Apart from these, the MVOCs produced are known to involve in various
inter- and intraspecific interactions, above- and belowground, resulting in genetic,
phenotypic, and morphologic alteration of both the interacting organisms (Effmert
et al. 2012; Penuelas et al. 2014; Piechulla and Degenhardt 2014).

VOC-mediated interactions between bacteria and plants are widespread.
Bacterial volatile organic compounds (VOCs) are highly complex in nature and act
as signaling molecules causing an interaction between bacteria and plants in the
ecosystem. They are found to have varied effects causing positive or negative impact
on plant growth. These VOCs released by bacteria can promote plant growth. Many
studies have shown bacteria to produce volatiles that cause plant growth promotion
such as Bacillus sp. (Ryu et al. 2003, 2004, 2005; Farag et al. 2006; Zhang et al.
2007; Yang et al. 2009) and Pseudomonas chlororaphis (Han et al. 2006). Deleterious
effects of bacterial volatiles on plants such as chlorosis, inhibition of plant growth,
and plant death have also been observed (Vespermann et al. 2007; Blom et al.
2011b). The negative effects observed on plant growth include both inorganic and
organic compounds. Inorganic volatiles include hydrogen cyanide (HCN) and NH3,
and organic volatile compounds include dimethyl disulfide and 3-phenylpropionic
acid (Rudrappa et al. 2008; Chung et al. 2010; Kai et al. 2010; Blom et al. 2011b;
Weise et al. 2013).

18.4.1 MVOC Role in Plant Growth Promotion

Rhizosphere bacteria are the bacteria which preferentially live in the soil closely
associated with the plant roots. A characteristic property of these rhizobacteria is
production of plant growth-modulating volatiles. These MVOCs usually have
molecular mass below 300 daltons with relatively low boiling points. They are lipo-
philic in nature. Rhizosphere bacteria emit different VOCs that can modulate plant
growth promotion. VOCs produced by rhizobacteria show antimicrobial property
against plant-pathogenic microorganisms and help in plant growth promotion. A
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number of research works have been published reporting the effect of volatiles on
plant growth promotion. Meldau et al. (2013) found that Bacillus B55 strain isolated
from Nicotiana attenuata (coyote tobacco) roots released VOCs which has strong
plant growth promotion effects on wild-type N. attenuata. A study by Blom et al.
(2011a) showed that many soil and rhizosphere strains produced volatiles which
had significant effects on plant growth of Arabidopsis thaliana. Studies by Kai et al.
(2010) have shown that Bacillus subtilis (GB03) and Bacillus amyloliquefaciens
(IN937a) emitted two volatiles, namely, 2,3-butanediol and acetoin, which had a
positive effect on the growth of Arabidopsis thaliana.

18.4.2 MVOC Role in Inducing Phenotypic Plant Responses

N-Acyl homoserine lactones (AHLs) belong to a class of amino compound-
containing lipids produced by many plant-associated bacteria, especially
PGPR. They mediate communication between bacterial cells and produce MVOCs
inside the plant and play a role in morphogenetic processes of plants. AHLs alter
gene expression in roots and shoots and modulate defense and cell growth responses
in plants. Studies by Ortiz-Castro et al. (2008) and Von Rad et al. (2008) have shown
that AHL compounds such as N-hexanoyl-homoserine lactone and N-3-oxo-
hexanoyl-homoserine lactone, N-octanoyl-homoserine lactone, etc., showed an
effect on root architecture and altered primary root growth, lateral root formation,
and root hair development of Arabidopsis. Volatiles released from different micro-
bial species are also found to have an effect on leaf starch metabolism and promoted
starch accumulation in leaves of both mono-and dicotyledonous plants (Ezquer
et al. 2010).

18.4.3 MVOC Role in Induced Systemic Response

MVOCs also act as initiators of defense responses in plants mediated through
induced systemic response (ISR) (Ryu et al. 2003, 2004; Cortes-Barco et al. 2010a,
b; D’ Alessandro et al. 2014). Application of 2,3-BD to the soil protected against
fungal pathogens Microdochium nivale, R. solani, or Sclerotinia homoeocarpa and
had shown to reduce the diseased leaf area of Agrostis stolonifera by 20-40 %.
Application of 3-pentanol and 2-butanone on cucumber seedlings triggered plant
systemic defense responses against P. syringae pv. lachrymans. These compounds
play a role in an indirect defense strategy that protects plants from herbivores by
inducing gene expression of plant green leaf volatile signaling pathway to attract
natural enemies of pests (Scala et al. 2013). Studies by Song and Ryu (2013) also
showed that these compounds result in a significant increase in the number of lady-
bird beetles, Coccinella septempunctata, a natural enemy of aphids.



346 S.Sarsan

18.5 MVOCs in Bacterial-Bacterial Interactions

MVOC:s play key roles in interspecific interactions among bacteria. VOCs of bacte-
ria can influence the metabolism in certain bacterial species and stimulate their
growth. For example, the growth of Pseudomonas fluorescens is stimulated by vola-
tiles produced by Collimonas pratensis and Serratia plymuthica. A number of
unique volatile compounds emitted by C. pratensis and S. plymuthica include ben-
zonitrile, methyl thiocyanate, S-methyl thioacetate, and DMDS. Specific MVOCs
are also by these bacteria such as 2-methyl propanal, ethenyl acetate, 3-methyl-2-
pentanone, methyl 2-methylbutanoate, 3-hexanone, myrcene, terpinene, methyl
salicylate, etc., produced by C. pratensis and chlorobenzene, dimethylsulfone, ethyl
butanoate, 2-pentadecanone 1H-pyrrole, 2-octanone, and 5-dodecanone produced
by S. plymuthica (Garbeva et al. 2014a).

MVOCs are also known to inhibit the growth of certain bacteria. Examples
include 1-undecene as produced by some P. fluorescens and DMDS as produced by
S. plymuthica strains which inhibited the growth of Agrobacterium tumefaciens and
A. vitis strains in vitro. It has also been demonstrated that the growth of Burkholderia
cepacia complex (Bcc) strains is inhibited through the synthesis of VOCs by bacte-
ria. The main VOCs emitted by the P. chlororaphis strain 449 such as 1-undecene,
2-nonanone, 2-heptanone, and 2-undecanone DMDS were effective against A.
tumefaciens strain C58 and the cyanobacterium Synechococcus sp. (Papaleo et al.
2012, 2013; Orlandini et al. 2014; Popova et al. 2014).

The AHLs produced by certain bacteria have the ability to disrupt quorum sens-
ing networks in Gram-negative bacteria which usually regulates characteristics such
as bioluminescence, biofilm formation, and production of virulence factors, antibi-
otics, and pigments. This phenomenon is termed as quorum quenching (QQ) and
can be considered as a new approach in controlling plant pathogens (Rasmussen and
Givskov 2006; Chernin et al. 2011).

18.6 MVOCs in Bacterial-Fungal Interactions

MVOCs have both positive and antagonistic interactions between bacteria and fungi
in the rhizosphere (Effmert et al. 2012). Many bacterial volatiles have suppressive
effects on soil fungi that might be harmful to agricultural crops. Rhizobacterial iso-
lates like Serratia sp. (S. plymuthica, S. odorifera), Pseudomonas sp. (P. fluores-
cens, P. trivialis), and Stenotrophomonas sp. (S. maltophilia and S. rhizophila)
synthesize and emit complex blends of MVOC:s that inhibit growth of fungi — phy-
topathogens and nonpathogens (Vespermann et al. 2007; Zou et al. 2007; Kai et al.
2010; Verginer et al. 2010; Garbeva et al. 2014a, b). Staphylococcus pasteuri strain
inhibited the mycelia growth of fungi 7. borchii due to the production of MVOCs
such as y-patchoulene (antifungal), 3-methyl butanal, and 1-octen 3-ol. Typical
metabolites of the Staphylococcus sp. were 2-undecanone, 3-methylbutanoate,
2-nonanone, ethanethioic acid, 2-methylbutan-1-o0l, 4-methyl-2-heptanone, and
dimethyl trisulfide (Barbieri et al. 2005).
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Studies have shown the negative effects of VOCs produced by bacteria on growth
of R. solani, a soilborne plant pathogen. Kai et al. (2007) reported that MVOCs such
as p-phenylethanol and 2-(benzyloxy)benzonitrile emitted by Stenotrophomonas
sp., Serratia sp., Pseudomonas sp., and Bacillus subtilis showed strong negative
influence on the mycelial growth of R. solani. Weise et al. (2012) have reported that
Xanthomonas campestris pv. vesicatoria 85—10 emit more than more than 50 vola-
tile compounds (mostly ketones and methylketones) to cause either promotion or
inhibition effects on the fungus R. solani. Elshafie et al. (2012) reported that
Burkholderia gladioli pv. agaricola strain produced MVOCs, the most effective
being limonene compound, which inhibited the growth of fungi F. oxysporum and
R. solani.

Zhang et al.’s (2013) studies showed that Bacillus atrophaeus CAB-1 produced
many volatile compounds, the most abundant being the O-anisaldehyde, hexadec-
ane, and 2,3-dimethoxybenzamide, and were found to inhibit the growth of the fun-
gal pathogen Botrytis cinerea. Also MVOCs such as DMDS, dimethyl trisulfide,
2-undecanone, S-methyl methanethiosulfonate 4-octanone, and 1-phenylpropan-1-
one emitted by Burkholderia ambifaria caused a significant growth inhibition of
two phytopathogenic fungi, R. solani and Alternaria alternata (Groenhagen et al.
2013). B. tropica strain MTo431 emitted a range of VOCs such as a-pinene, DMDS,
ocimene, limonene, and fenchone which are known to have antagonistic effect on
fungi and significantly inhibited the mycelial growth of four plant-pathogenic
fungi — Colletotrichum gloeosporioides, Fusarium culmorum, F. oxysporum, and
Sclerotum rolffsi (Tenorio-Salgado et al. 2013).

18.7 Conclusion

Volatile organic compounds emitted by microorganisms (MVOCs) are involved in
various kinds of interactions between plants and microbes — antagonistic effects,
mutualistic effects, and regulation of cellular and developmental processes at intra-
and interspecies level as well as modification of their surrounding environments.
MVOCs can modulate the physiology of plants and microorganisms especially
impacting plant health. Bacterial VOCs are chemically heterogeneous molecules
and produced in low concentrations. They are fully biodegradable and have no haz-
ardous effects as in case of use of chemical pesticides or fertilizers. Thus MVOCs
can be exploited as an ecofriendly and cost-effective approach for sustainable agri-
culture. The vast diversity of microbial communities in nature and their importance
in modulating ecology, health, and growth of plants necessitate the need to system-
atically explore and characterize the biological functions and ecological roles of
plethora of microbial VOCs. This will not only help in discovering novel mecha-
nisms for controlling diverse biological processes critical to plant health but also
provide practical solutions to various agricultural and environmental problems.

e Microbes produce a wide range of MVOCs and exert an immense effect on plant
growth and development. Till now, only a few VOCs emitted by microbes
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(bacteria and fungi) have been identified and characterized. There is a need to
explore new microbial volatile compounds and characterize their biological
functions and ecological roles and study the underlying mechanisms so that they
can be employed for controlling plant health thus reducing agricultural and envi-
ronmental problems.

e Most of the studies conducted on MVOCSs are in vitro studies (laboratory). In situ
studies have to be performed, i.e., field trials are to be done to demonstrate their
effects on growth and development of plants. Moreover physiological and
molecular studies should be conducted for a better understanding of the role of
MVOC:s at field level. New understanding of the importance of MVOCs for crop
plants both at the lab and open field conditions will provide further scientific
evidence to adopt them for sustainable crop protection. All these studies can be
used to develop production strategies and assess the cost effectiveness of natu-
rally produced MVOC:s for crop welfare and sustainable agriculture.

* MVOCs may modulate growth or defense of plants in a species-dependent man-
ner. The effect of these volatile compounds varies depending on crop species,
soil types, and environmental conditions. Thus there is difference in results
obtained between lab scale studies and field trials. This implies the necessity to
evaluate single MVOCs as well as blends of different MVOCs in modulating
growth and defense of different crop species both at lab and field conditions.

* MVOC:s should be characterized for their bioactive molecules, their proper bio-
active dosage, and their role on plant growth. The requirement of energy and
resources for the synthesis of MVOCs should also be considered. MVOCs may
have side effects, many of them exert inhibitory effects, and some of them are
also toxic. Hence the dose-response effect on specific crops is assessed before
their use and then can be suggested for crop protection and productivity.

* Another challenging aspect is the manner of application of MVOCsS since most
of them have rapid evaporation rates, thus making them difficult to use in open
field conditions. An appropriate method of MVOCs delivery in the field is still
lacking, and therefore future studies are needed to understand and devise a better,
cost-effective, durable, and efficient delivery of MVOCs.

The future research works on MVOCs should focus on expanding the knowledge
on the MVOC biodiversity, exploring the physiological and ecological roles of sin-
gle as well as blends of MVOC mixtures, establishing plant response analyses to
MVOCs, and devising a more efficient delivery system to crop fields. Thus the
potential MVOCs will provide a plethora of applications for protection, growth, and
development of plants paving a way for sustainable agriculture.
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Abstract

Microbes, insects, and other organisms within the plant environment emit
volatiles responsible for various biological and physiological processes that
affect the well-being and growth of plants. These volatile organic compounds
(VOC:s) that are produced by organisms can travel a distance from the locality of
emission into the atmosphere, soils, and liquids making them an efficient means
of regulating short as well as long-distance interactions between organisms. In
this chapter we look into the plethora of VOCs that are emitted in bacteria-bacteria,
bacteria-fungi, and bacteria-plant interactions. These VOCs are involved in
mutualistic, antagonistic, or symbiotic relationships that regulate cellular, devel-
opmental, and biological processes which include growth and plant defenses.
Due to the large abundance of microorganisms, the function of these VOCs on
other organisms remains poorly understood. Here we have reviewed the role of
MVOCs with special emphasis on plant defense and health, alluding to the
potential of these compounds to control various processes that result in the
plants’ elevated health and defense.
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19.1 Introduction

The plant root system emits essential and auxiliary metabolites, macromolecules,
and even cells into the rhizosphere that bolsters nutrient acquisition and formation
of microbial communities (Driouich et al. 2013). The chemical constituents of the
soil encourages rhizobacteria (PGPR) to synthesize substances such as antimicrobi-
als and phytohormones which increases nutrient uptake and volatile production
while remaining in proximity with the root system (Farag et al. 2006; Ryu et al.
2003, 2004). Over a decade’s worth of work has eluded that besides the antimicro-
bial compounds secreted by this group of organisms, various VOCs are also pro-
duced (Audrain et al. 2015; Garbeva et al. 2014a, b; Hunziker et al. 2015;
Kanchiswamy et al. 2015; Schmidt et al. 2015). Microbial volatile organic com-
pounds (MVOC:s) are produced as part of the microbe’s metabolism. These volatile
compounds are found both in the phyllosphere and rhizosphere (Kai et al. 2009;
Rasmann et al. 2005). PGPRs have been credited in transmitting VOCs that improve
plant growth in addition to enhancing the plant’s immune system (Bailly and
Weisskopf 2012; Zou et al. 2010). There seems, by all accounts, to be a multipartite
reaction to MVOCs and a complex trophic association attributed towards the pro-
duction of MVOC:s. In addition, species-specific MVOCs may be utilized in deter-
mining the presence of specific bacteria or fungi within a given environment (Fiedler
et al. 2001). Bacterial VOCs serve as signals in inter- and intraspecies cell-to-cell
communication that contributes towards stimulation or inhibition of plant growth,
arresting phytopathogens, and the activation of induced systemic resistance within
a plant system (Marmulla and Harder 2014; Wenke et al. 2010; Zou et al. 2010).
Hundreds of MVOCs are produced by bacteria and fungi (Effmert et al. 2012).
Years of study have shown that volatile metabolites exhibit better contribution
towards microbial-microbial or microbial and environmental interactions compared
to nonvolatile compounds. Volatiles are discharged frequently, and these compounds
regulate various microorganisms and microbial-related activities (Tirranen and
Gitelson 2006). VOCs discharged by microorganisms are inhibitory and are some-
times bactericidal in their effect on microorganisms. The stimulative effects of
VOCs however happens at a lower frequency (Tirranen and Gitelson 2006). Some
examples of VOCs that are frequently emitted by organisms are furfural, butanoic
acid, propanoic acid, geosmin, p-caryophyllene, 2-methylisoborneol, 1-octen-3ol,
apinene, 5-hydroxy-methyl-furfural, camphene, camphor, methanol, and acetalde-
hyde (Gray et al. 2010; Insam and Seewald 2010; Juenger et al. 2012; Leff and
Fierer 2008; Li et al. 2004; Muller et al. 2004a, b; Perl et al. 2011; Ramirez et al.
2010; Stahl and Parkin 1996; Sundberg et al. 2013; Wenke et al. 2010). Bacterial
VOCs can have a wide range of structures where mixes, for example, amines, benz-
aldehyde, benzothiazole, decanal, dimethyl trisulfide, cyclohexanol 2,3-butanediol,
nonanal, and 2-ethyl-1-hexanol, have been classified as fungicidals that act as plant
defense triggers (Cortes-Barco et al. 2010a, b; Kai et al. 2009; Ryu et al. 2004).
Although the influence of BVOC:s in disease resistance and growth development
has been widely recorded (Bailly and Weisskopf 2012), few have alluded to their
roles on insects and other predators. Based on the reviews concerning volatiles, we
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may conclude that their potential may further be harnessed to provide protection
ranging from diseases to insect predation (Pineda et al. 2010, 2013; Neal and Ton
2013). In nature, VOCs have been implicated in processes ranging from cell-to-cell
communication, quorum sensing, development, protection, to original differentia-
tion (Bailly and Weisskopf 2012; Bos et al. 2013; Kanchiswamy et al. 2015;
Vespermann et al. 2007). Plants themselves appear to respond to microbial volatiles,
bringing about immediate or indirect contribution towards the plant’s well-being
and development (Bailly et al. 2014; Bitas et al. 2013; Farag et al. 2013; Vespermann
et al. 2007; Weisskopf and Bailly 2013). In both under- or above ground plant struc-
tures, bacterial populaces are likely to change chemical constituents found in the
environment into chemical effectors that are viable especially in proximity with the
pathogen’s point of entry.

With the advent of the omics platforms, bioinformatic softwares have been pro-
grammed to study metabolomics with the intention of providing a better picture of
the role of volatiles in the below and above ground interactions (Aponte et al. 2013;
Bunge et al. 2008; Dolch et al. 2012; Juenger et al. 2012; Kunze et al. 2013; Kuske
et al. 2005; LeBouf et al. 2010; Liang et al. 2008; Mcneal and Herbert 2009; O’Hara
and Mayhew 2009; Ramirez et al. 2010; Rasanen et al. 2010; Scotter et al. 2005;
Thorn and Greenman 2012; Wihlborg et al. 2008). Various studies have been conducted
on MVOCs, and several reviews have dealt with its biosynthesis. In this chap-
ter, we address the microbial volatiles and their role in plant defense mechanisms,
organismal interactions and possible application and involvement in sustainable
agriculture. Figure 19.1 displays all the possible interactions that involve volatiles.

19.2 The Active Nature of Microbial Volatiles

Volatiles form a small percentage of metabolites exuded by microorganisms
involved in the communication and induction of several biological processes. Due
to their small molecular size, they are easily diffused in water and air (Insam and
Seewald 2010; Wheatley 2002; Ryan and Dow 2008). In the past decade, the ema-
nation of a significantly large number of bacterial volatiles has been detected and
investigated hence demonstrating that bacterial volatiles exert their influence on
other organisms within an environment or community (Romoli et al. 2014). The
information garnered has increased our understanding of the concepts and
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complexities involved in the dynamic processes between MVOCs and plants which
contribute towards the blueprints of sustainable crop protection. As numerous
chemicals are exuded by bacteria and are known to impact other organisms in bac-
teria-plant, bacteria-fungi, and bacterial interactions, evidence shows that the initial
interaction between plants and certain microbes are able to induce an immune
response. These organisms, specifically Bacillus spp. and Pseudomonas spp., have
been implicated as the main players in the induction of ISR. Factors such as vola-
tiles, antibiotics, phytohormones, lipopolysaccharides, salicylic acid, and sidero-
phore have been reported as compounds that are associated with induction of ISR in
hosts (Bordiec et al. 2010; Nadarajah 2016).

19.3 Microbial Volatiles in Bacteria-Plant Interactions

Microbial volatiles are involved in metabolic pathways and are produced in varying
concentrations over distances within the biospheres (Wheatley 2002). MVOCs such
as alcohols, alkenes, alkanes, ketones, esters, terpenoids, and sulfur compounds
have been identified in various interactions between microbes and of other organ-
isms. PGPR especially pseudomonads are known to produce a large number of vola-
tiles (Bhattacharyya and Jha 2012; Goswami et al. 2013; Mendes et al. 2013). These
organisms, in specific the fluorescent Pseudomonas strains, maintain rhizospheric
health and protects the plants against pathogens and predators (Hol et al. 2013).
Rhizospheric bacterial strains produce differential VOC emissions. Through the
recent developments in analytical techniques, the profiles of these volatiles have
been expounded and in brief have been classified as low-molecular-weight, low-
boiling-point, and lipophilic compounds (Gutierrez-Luna et al. 2010).

Blom et al. (2011) had analyzed the effect of BVOCs against Arabidopsis thali-
ana and identified compounds such as 1-hexanol, indole, and pentadecane as able to
promote growth. In another study by Vespermann et al. (2007), ammonia and
dimethyl disulfide (DMDS) were isolated from Serratia and Bacillus sp.. Bacillus
cereus-derived DMDS significantly inhibited infections by Botrytis cinerea and
Cochliobolus heterostrophus on tobacco and corn, respectively (Huang et al. 2012;
Kai et al. 2010). It was also reported by Meldau et al. (2013) that the DMDS and
VOCs from Bacillus strain B55 rescued many of Nicotiana attenuata wild type and
ET mutant phenotypes. He also observed that the presence of DMDS inhibited the
expression of sulfur assimilating genes as well as those involved in methionine bio-
synthesis and recycling. This is beneficial for plants growing in sulfur-deficient
environments. Besides these compounds, volatiles such as butanediol (2,3-BD) and
acetoin produced by Bacillus subtilis GBO3 and B. amyloliquefaciens IN937a
enhanced systemic resistance (ISR) in A. thaliana to Erwinia carotovora subsp.
carotovora (Ryu et al. 2003). Hence isomers of 2,3-BD have been used to trigger
ISR. Mutant of B. subtilis GB03 with lower levels of 2,3-BD exhibited reduced
resistance to pathogens. Via transgenics in Arabidopsis, D’ Alessandro et al. (2014)
were able to evidence GB03 was dependent on ET signaling and independent of
SA/JA triggered defense response in host. MVOC like 2,3-BD produced by
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Enterobacter aerogenes, induced resistance of corn against Setosphaeria turcica
(Rudrappa et al. 2010).

Rhizobacteria that colonize roots of lemon plants have been reported to produce
emission of volatiles such as acetophenone, tetradecanal, and benzaldehyde. The
effects of these volatiles are dependent on the concentration and the type of volatiles
emitted (Gutierrez-Luna et al. 2010). Burkholderia ambifaria produced acetophe-
none, 3-hexanone, and DMDS that contribute towards increase in tissue biomass of
Arabidopsis (Groenhagen et al. 2013). Maffei (2002) reported that a wide spectrum
of proteobacteria, Gram-positive bacteria, and Fibrobacteres are able to live in vas-
cular cells of Vetiveria zizanioides. These organisms live within the cells and utilize
oil sesquiterpenes as a nutrient source and in return emit a large number of chemi-
cals that are typical of Vetiver oils (Alifano et al. 2010; Maffei et al. 2011). Del
Giudice et al. (2008) observed that when Vetiver plants were fed with cuparene, the
root-associated bacteria produced a number of sesquiterpenes such as ledene,
B-bourbonene, P-humulene, B-copaene, d-cadinene, spathulenol, o-muurolene,
B-caryophyllene, and viridiflorol. Pseudomonad volatiles exhibited mycelial inhibi-
tion and sporicidal activity against Phytopthora infestans. For these volatiles to
exert any inhibitory effect on soil pathogens, sufficient accumulation of vola-
tiles surrounding the root cap is required to enable bacteria-pathogen interactions.
Mutant and wild-type Pseudomonas fluorescens B16 were studied for their role in
plant protection and growth promotion, where it was identified that the sequestered
pyrroloquinoline quinone (PQQ) was responsible for the increased growth observed
in tomato and cucumber. Choi et al. (2008) reported that the application of PQQ on
cucumber leaf disks brought about the foraging of oxygen radicals indicating PQQ
as an antioxidant in plants.

19.4 Microbial Volatiles in Bacteria-Bacteria Interactions

Although very little is known about volatile interaction between bacteria, volatiles
are known to play a role in bacterial metabolism (Garbeva et al. 2014a). While rhi-
zobacteria may produce MVOC:s that affect plants positively, their effects on other
bacteria may either be positive or negative. This can be seen from the positive effects
of volatiles from Collimonas pratensis and Serratia plymuthica on Pseudomonas
Sfluorescens’ growth, while most reports on Pseudomonas strains have been inhibi-
tory on other strains (Romoli et al. 2011). One important component of bacteria
cell-to-cell communication is N-acyl homoserine lactone (AHL), which controls
quorum sensing (Chernin et al. 2011; Ng and Bassler 2009; Rasmussen and Givskov
2006; Waters and Bassler 2005). Chemical components that inhibit the quorum
sensing networks form quorum quenching and are a potential approach in control-
ling pathogens (Ortiz-Castro et al. 2008). Chemicals such as DMDS (produced by
S. plymuthica and S. proteamaculans 94), 1-undecene, 2-nonanone, and 2-undecanone
(produced by P. fluorescens and P. chlororaphis strain 449) are strong suppressors
of oncogenicity in plants (Dandurishvili et al. 2011; Popova et al. 2014). These
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MVOC:s differentially inhibited A. tumefaciens C58 and Synechococcus PCC7942
(Popova et al. 2014; Rasmussen and Givskov 2006).

Phylogenetically different bacteria (Burkholderia sp., Dyella sp.,
Janthinobacterium sp., Pseudomonas sp., and Paenibacillus sp.) were used in a
study on the role of VOCs in communication and competition. Multi- and monocul-
tures of these organisms were inoculated into soils containing artificial root exu-
dates before analyzing the volatiles produced. In addition the effects of these
volatiles were also monitored on nutrient-deprived organisms in the rhizosphere.
The results revealed that any changes to the microbial interactions and the commu-
nities influenced the volatiles emitted within the environment. This study dis-
closed that the slower-growing Paenibacillus strain significantly affected the volatile
production by other strains. Volatiles released by organisms that feed on root exu-
dates in certain cases induced the development of other nutrient-deprived organisms
in the soil. The present work proposes that volatiles created amid microbial interac-
tions in the rhizosphere have profound effects on microorganisms in nutrient-
depleted soils (Nadarajah 2016).

19.5 Microbial Volatiles in Bacteria-Fungi Interactions

Fungi are a major problem in agricultural areas resulting in research being con-
ducted on the inhibition potential of these organisms by beneficial microbes such as
PGPRs (Ryu et al. 2003). Organisms such as Rhizoctonia solani, Fusarium sp.,
Phytopthora infestans, Puccinia graminis, Ustilago maydis, and Uromyces spp. are
major threats especially to countries that are dependent on their cereal production,
hence threatening food security worldwide (Xu et al. 2004). Oomycetes and fungi
such as Botrytis, Colletotrichum, Alternaria, Fusarium, Pythium, Phytophthora,
Verticillium, Rhizoctonia, and Sclerotinia are responsible for crop diseases and have
been tested for their response toward BVOCs. From the research conducted on the
above pathogens, Bacillus spp. (B. cereus and B. subtilis), Pseudomonas spp. (P.
Sfluorescens and P. trivialis), and Streptomyces spp. (S. plymuthica and S. odorifera)
have exhibited the best effects with sporadic results observed in other genera such
as Serratia and Burkholderia spp. (Xu et al. 2004; Yuan et al. 2011, 2012). Kai et al.
(2007) observed that both Pseudomonas spp. and Serratia spp showed overlapping
similarities in the VOCs produced. However this observation may be bias due to a
larger number and the ease in which the former genera are isolated and cultured
hence recording more positive outcomes. A systematic analysis comparing the
expanse of VOCs and their effects on fungi would be required for conclusively indi-
cating Pseudomonas and Bacillus spp. as main players in bacteria-fungi volatile
interactions (Garbeva et al. 2014a, b; Verginer et al. 2010; Yuan et al. 2012).

One key component produced by these organisms in the soil is pyrrolnitrin
(PRN). PRN produced by Burkholderia, Pseudomonas, Enterobacter, Myxococcus,
and Serratia exhibit broad-spectrum reactivity towards fungi (Garbeva et al. 2014a),
including commercially significant crop pathogens. Hwang et al. (2002) reported
the inhibition of R. solani infections in poinsettia when treated with PRN from
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Burkholderia cepacia strain 5.5B highlighting its significance in development of
biofungicides (Ligon et al. 2000). Further, volatiles emitted by Burkholderia cepa-
cia, B. subtilis, P. fluorescens, Pseudomonas trivialis, Serratia odorifera, S. plymu-
thica, Stenotrophomonas maltophilia, and Stenotrophomonas rhizophila hinder
mycelial growth of phytopathogens (Kai et al. 2007, 2009; Vespermann et al. 2007;
Zou et al. 2007). While organisms like Xanthomonas campestris pv. vesicatoria
may produce a plethora of VOCs, the main players are ketones, methyl ketones, and
acetones. Bacillus atrophaeus CAB-1 on the other hand is reported to produce vola-
tiles like alcohols, phenols, amines, and alkane amides. From the various studies
conducted on the VOCs released by rhizospheric organisms, conflicting results were
obtained on their effects on fungi and other organisms (Weise et al. 2012).
Collectively compounds like DMDS, acetones, ketones, methyl ketones, amines,
and amides inhibit mycelial growth of Botrytis cinerea (Zhang et al. 2013), R.
solani, Alternaria alternata, and F. oxysporum (Elshafie et al. 2012; Groenhagen
et al. 2013). Similarly the volatiles emitted by Burkholderia tropica significantly
inhibited Colletotrichum gloeosporioides, Fusarium culmorum, F. oxysporum, and
Sclerotum rolffsi (Minerdi et al. 2009; Tenorio-Salgado et al. 2013). In certain cases,
these fungi live in symbiotic associations with bacteria and are kept in check and
balance with no negative effect to the host as seen in the association between
Serratia and Achromobacter spp. against the pathogenic fungi F. oxysporum
(Minerdi et al. 2011). The main VOCs in these interactions were also reported to be
DMDS, alcohols, acetones, and ketones (Minerdi et al. 2011). One largely disre-
garded group of fungi in the antimicrobial studies are the oomycetes. This group has
gained some significance since P. infestans caused the great potato blight. Over
these past decades, cyanogenic organisms such as Pseudomonas strains have been
identified with potential against P. infestans. The chemical volatile that has been
shown to inhibit P. infestans through headspace studies is 1-undecene. This sub-
stance reduced mycelial growth, sporangium formation, germination, and zoospore
release (Hunziker et al. 2015).

19.6 The Role of MVOCs in Plant Defense

Various research teams have addressed the role of MVOCs in defense response,
organismal interactions (plant, bacteria, fungi, nematode, insects), chemical
attractants, and as biocontrols for application in sustainable agriculture
(D’ Alessandro et al. 2014; Davis et al. 2013; Leroy et al. 2011; Weise et al. 2013).
Their involvement is clearly exhibited in the early stages of plant-environment
interactions where the multitrophic nature of this interaction is demonstrated
(Nadarajah 2016). Though not clearly understood, MVOCs have been implicated in
inter- and intra-changes at the genetic, phenotypic, and morphological levels within
the interacting organisms. (Effmert et al. 2012; Piechulla and Degenhardt 2014).
Studies have shown the involvements of MVOCs in the regulation of metabolic,
genomic, and proteomic functions within crops (Cho et al. 2008; Kwon et al. 2010;
Park et al. 2013; Song and Ryu 2013). Several reviews have covered extensively the
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contribution of this group of chemicals in the function of hormones, induced sys-
temic resistance, resistance against pathogens and pests, and enhanced physiologi-
cal changes to crops that relate to improvement in biomass, growth, and yield
(Bailly and Weisskopf 2012; Bitas et al. 2013; Effmert et al. 2012; Ortiz-Castro
et al. 2009; Penuelas et al. 2014; Piechulla and Degenhardt 2014; Shannon et al.
2012). In this section, emphasis is given to the contribution of MVOCs on the
above-mentioned.

The microorganisms within the soil produce an arsenal of volatiles which are
either distinct or overlapping in nature and components (Vespermann et al. 2007).
One major MVOC that has been implicated in the interactions between Bacillus
spp. and A. thaliana and P. chlororaphis on Nicotiana tabacum is 2,3-BD (Farag
et al. 2006; Ryu et al. 2003). This chemical is activated through the GacS kinase-
dependent pathway (Han et al. 2006) that is modulated by ethylene and auxin
homeostasis. However 2,3-BD is activated by either jasmonic acid (JA) and sali-
cylic acid (SA) or other phytohormones resulting in cross talking between the biotic
and abiotic pathways (Cho et al. 2008; Han et al. 2006; Ryu et al. 2004; Zhang et al.
2007, 2008). The same pathway is also responsible for AHL synthesis indicating
that this pathway and chemical classes are crucial in microbial interactions (Han
et al. 2006). AHLs trigger alteration of gene expression in various plant organs
bringing about the induction of defenses and the enhancement of growth responses
(Ortiz-Castro et al. 2008, 2009). In addition, medium-chain AHLs (e.g., N-hexanoyl-
homoserine lactone, N-octanoyl-homoserine lactone) affect organ architecture in a
dose-dependent manner (Ortiz-Castro et al. 2008, 2009).

A quick review shows that a large number of microbes in the soil trigger ISR in
hosts via SA-independent pathways, which are triggered by JA, methyl JA, and
ethylene (ETH). Ryu et al. (2004) observed that VOC produced by B amyloliquefa-
ciens IN937a triggers ISR via ETH-independent signaling pathway, while B. subti-
lis GBO3 used an ETH-dependent pathway. In this study too, in addition to triggering
ISR, these microbes were shown to facilitate growth promotion (Ryu et al. 2003,
2004). As in most other reports, the major volatile that plays a crucial role in defense
and growth induction is 2,3-BD and its precursor acetoin (Ryu et al. 2003, 2004).
However in general the volatile blends emitted by PGPRs qualitatively and quanti-
tatively differ in their composition within the soil and effects on hosts (Ryu et al.
2003; Nadarajah 2016).

Most reports on PGPRs and PGPFs have shown that volatiles exuded by these
organisms can induce growth and at the same time enhance resistance within hosts.
One such example is seen in Phoma sp. GS8-3 that enhances growth in tobacco
while inducing resistance to Colletotrichum higginsianum (Naznin et al. 2014;
Yamagiwa et al. 2011). In a study by Pare et al. (2005), two compounds that simu-
late microbial volatiles from Bacillus spp. (acetoin and 2,3-BD), when applied
exogenously, resulted in both growth and defense induction in hosts. The defense
induction through exogenous stimulant bypassed the activation of defense cascade
that requires energy. This saw an increase in the activity at the cell level which
consequently primed plant defense with no clear changes in gene expression in
leaves (D’Alessandro et al. 2014; Lee et al. 2012). Cortes-Barco et al. (2010b)
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reported that when 2,3-BD was applied against soilborne pathogens such as
Microdochium nivale, R. solani, or Sclerotinia homoeocarpa, there was a reduced
impact of disease on the hosts. However when this observation was compared
against that of Rudrappa et al. (2010), there was a variation in the level of protection
afforded by 2,3-BD on Pseudomonas syringae pv. tabaci and P. carotovora subsp.
carotovora, i.e., ISR was induced in the latter but not the former indicating that the
defense pathways activated are pathogen dependent (Nadarajah 2016). In addition
Rudrappa et al. (2010) also reported that P. syringae’s ISR response was triggered
by acetoin. Some of these volatiles such as 3-pentanol and 2-butanone have induced
ISR against P. syringae pv. lachrymans which also indirectly caused the synthesis
of other chemicals which served as an attractant for natural predators and provided
protection against insect predation (Scala et al. 2013; Song and Ryu 2013). Besides
growth induction, some microorganisms such as Serratia, Chromobacterium, and
Stenotrophomans produced volatiles that inhibit plant growth and development
(Weise et al. 2013; Ortiz-Castro et al. 2009). The expressional analysis of inhibitory
volatiles exuded by S. plymuthica and S. maltophilia shows the involvement of
W-box motif-related genes (Kanchiswamy et al. 2015). Analysis of volatile respon-
sive genes showed some overlap in genes that were triggered by abiotic stresses. A
closer examination of these genes indicated the presence of W-box motifs in the
promoter regions and transcription factors (MYB73, ERF2, WRKY18) (Wenke
etal. 2012). Mirmajlessi et al. (2016) reported that volatile from Trichoderma viride
was able to improve plant root morphology and flowering phenotype. Volatiles such
as 1-Octen-3-ol produced by some species of Trichoderma, Penicillium, and
Alternaria spp. are able to enhance plant resistance to necrotrophic organisms such
as Botrytis cinerea (Contreras-Cornejo et al. 2014; Kishimoto et al. 2007), promote
growth and increase starch accumulation in plants (Ezquer et al. 2010). A nonpatho-
genic strain (Minerdi et al. 2009, 2011) of Fusarium oxysporum, MSA35, was able
to produce a major volatile sequiterpene (f-caryophyllene) which is responsible for
growth enhancement (Minerdi et al. 2011). While collectively the volatile com-
pounds from bacteria and fungi are able to promote plant growth and well-being,
most of this work has only been tested at the laboratory or greenhouse levels.
However as the information on MVOCs continue to build on its efficiency in growth
and defense promotion, recent studies have been directed to field testing of these
microbes as to enhance yield as well as to reduce crop loss to disease in a sustain-
able manner (Song and Ryu 2013). Through the utilization of MVOCs we hope to
substitute the unsustainable chemicals that are damaging to environment and human
with safer methods via the utilization of beneficial microbes. Table 19.1 presents the
data on some of the microbial volatiles and their effect on pathogens and hosts.

19.7 Application of MVOCs in the Field

Although the utilization of pesticides and fertilizers have provided a solution to
control disease and yield enhancement, it still remains crucial for farmers and sci-
entists to look into solutions that are geared towards sustainable agriculture and not
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one based on conventional norms (Nadarajah 2016). The potential of biopesticides,
biocontrols, and biofertilizers in providing solution to agricultural problems (Glare
et al. 2012) requires continuous isolation and identification of potent candidates. As
mentioned above, MVOC:s are able to interact with host and affect the metabolome,
proteome, transcriptome, and physiology of the plants thus providing sustainable
crop protection.

Most of the volatiles listed in Table 19.1 have been compiled from works utiliz-
ing laboratory techniques. Fiddaman and Rossall (1994) were the pioneers to study
the effects of bacterial volatiles from B. subtilis in protecting rapeseed plants from

Table 19.1 List of MVOCs and their effects on pathogens and hosts

Beneficial organisms

Volatiles

Effect on hosts

B. amyloliquefaciens
IN937a

2,3-BD and acetoin

Enhance growth and induced
systemic resistance (ISR)

B. subtilis GBO3 2,3-BD and acetoin Enhanced growth and ISR
Muscodor albus Isoamyl acetate, 2-methyl Inhibits a broad range of
butanol, and isobutyric acid pathogens

Muscodor crispans

Wide variety of volatiles

Acts on Pythium sp. and
Phytophthora cinnamomi

Phoma sp. Mixture of VOCs, e.g., Verticillium, Ceratocystis,
sesquiterpenoids Cercospora, and Sclerotinia
Phomopsis sp. Sabinene, 2-methyl propanol, | Effective against a host of

isoamyl alcohol, and
2-propanone

phytopathogens

Proven effective in inhibition
of Colletotrichum, Fusarium,
and Rhizoctonia

P. aeruginosa PAO1, HCN Growth inhibition

PAO14

P. chlororaphis 2,3-BD Enhanced growth, biotic, abiotic
stresses, and ISR

P. fluorescens A112 Unknown Growth inhibition

P. trivialis 3Re2-7 Unknown Growth inhibition

S. marcescens MG-1 Unknown Growth inhibition

Stenotrophomonas Unknown Growth inhibition

rhizophila P69

S. plymuthica 3Re4—18 Unknown Growth inhibition

Stenotrophomonas Unknown Growth inhibition

maltophilia R3089

Bacillus subtilis Unknown Growth inhibition and
distortions in Alternaria
alternate

Pseudomonas corrugata Unknown Mycelial inhibition

Burkholderia ambifaria

Dimethy] trisulfide,
2-nonanone, undecanone

Mycelial inhibition

Paenibacillus polymyxa

1-octen-3-ol, benzothiazole

Inhibits Alternaria brassica,
Botrytis cinerea, and Fusarium
oxysporum

(continued)



19 Microbial Volatiles and Plant Defense 365

Table 19.1 (continued)

Beneficial organisms Volatiles Effect on hosts
Streptomyces globisporus Not determined Inhibits Alternaria solani and
JK-1 Colletotrichum
Bacillus cereus Dimethyl disulfide benzenes, | Inhibits Botrytis cinerea
Bacillus amyloliquefaciens | ketones, and aldehydes Inhibit mycelial growth of
Fusarium oxysporum
Pseudomonas sp. Dimethy] trisulfide, 2-ethyl Inhibiting growth of Sclerotinia
1-hexanol, cyclohexanol, sclerotiorum
nonanal, benzothiazole
Xanthomonas campestris Decan-2-one Inhibits mycelial growth of
pv. vesicatoria 85-10 Rhizoctonia solani
Burkholderia ambifaria DMDS, 2-Undecanone, Inhibition of mycelial growth in
dimethyl trisulfide, R. solani

4-octanone, phenylpropan-1-
one, 1-phenyl-1

Paenibacillus polymyxa 1-octen-3-ol, benzothiazole, | Phytophthora capsici
BMP-11 citronellol

R. solani in soil and sand. From their studies, it was reported that nutrients play a
critical role in the emission of volatiles by microbes. When void of carbon sources,
there was a significant decrease in volatiles emitted as opposed to when soil was
supplemented with nutrients. This suggests that in niche communities such as in the
rhizosphere, the exudates from roots of plants and other microorganisms may very
well play a role in providing the carboxylates required for antimicrobial volatile
emission to antagonize phytopathogenic fungi. Fernando et al. (2005) also
observed similar results in the inhibition of Sclerotinia sclerotiorum by Pseudomonas
strains which produced sufficient and strong levels of antimicrobial agents. While
there were reports that organisms showing good antagonism in vitro were also suc-
cessful in providing similar results in soil, there were also reports to the contrary.
This perhaps is attributed to the differences in agar nutrients versus the soil constitu-
ents (Berrada et al. 2012). However, what was clear is that the level of inhibition
shown by the organisms varied strain to strain and with the hosts (Berrada et al.
2012). Volatiles inhibit the effect of pathogens such as B. cinerea and Fusarium
graminearum by either direct application of the antagonistic organism or drenching
the soil with volatile compounds (Alimi et al. 2012; Huang et al. 2012). Other than
the reports on volatiles being used efficiently through direct application of organ-
isms or soil drenching, only two reports have shown the efficiency of antifungal
volatiles in dealing with pathogens that grow on and in plants. The first report
articulates the efficiency in which Streptomyces platensis was able to inhibit three
phytopathogens: S. sclerotiorum, R. solani, and B. cinerea (Wan et al. 2008).
The second report was on the effect of volatiles from Streptomyces globisporus on
B. cinerea infections in tomatoes.

Following the proof of concept on the applicability of volatiles as growth pro-
moters and defense inducers, crop studies have ensued to identify the best practice
in taking these volatiles to the field. In all reports concerning the use of volatiles,
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soil drenching or fumigation (2,3-BD, acetoin, dimethyl disulfide) with volatiles
and the direct inoculation of soils with beneficial microbes were applied. The biofu-
migation technique utilizing chemical volatiles such as DMDS has already been
utilized in suppression of pathogens in agriculture through the enrichment with
volatile-producing antagonistic microbes for specific pathogens (Morales-Rodriguez
et al. 2012; Meldau et al. 2013). However, the direct inoculation method would be
preferred as it benefits the plants and microbes through the volatile-mediated activi-
ties generated as a consequence of the interaction between plant, microbe, insect,
and nematode in any given environment. Hence continuous emphasis has to be
given to the isolation, identification, and utilization of native plant-associated
microbes where studies should also incorporate the identification of active com-
pounds from the volatilome that may prove useful in sustainable agriculture specifi-
cally in disease suppression and defense activation. Jointly these applications will
contribute significantly to the above- and below-ground protection of the host from
potential pathogens and pests.

19.8 Conclusion and Future Prospects

Currently other than improving the plant varieties through breeding or genetic mod-
ification, and good management practices, agriculture is heavily dependent on pes-
ticides and fertilizers to ensure yield and productivity. Farmers require an alternative
to the current chemical control techniques with negative effects to the environments
and human health (Weisskopf 2013). MVOCs form an interface between the host
and the organisms. Although MVOCs are a good targets to adopt in providing a
cheaper, efficient, sustainable, and eco-friendly solution to farmers, the breadth of
knowledge in this area is still in its infancy (Blom et al. 2011; Bailly and Weisskopf
2012). Although there are thousands of microbial species, only approximately 1000
volatiles have been studied from dominant bacteria and fungi inhabitants of the soil
(Lemfack et al. 2014). A fraction of these volatiles have been studied extensively at
the laboratory and greenhouse level, while many more require further study. All
information derived from lab and greenhouse needs to be translated to field applica-
tion before it can be of any worth to the farmers (Cortes-Barco et al. 2010a, b; Han
et al. 2006; Song and Ryu 2013; Weisskopf 2013).

As seen in Table 19.1, microbes produce a whole plethora of MVOCs that modu-
late various processes in plants such as growth enhancement and defense. Hence
MVOCs may modulate multiple or very specific functions in plants. While the mul-
tifunctional property of MVOCs makes it rather appealing for use in agriculture,
challenges lie in fine-tuning its application and making sure that these chemicals do
not evaporate and lose their effect on plants when used in the field. Preliminary test
conducted in the field with a few volatile compounds such as 2,3-BD, 3-pentanol,
and 2-butanone provided inconsistent results on crops indicating the need to look
into suitable delivery methods for MVOC:s in the field (Cortes-Barco et al. 2010a, b;
Song and Ryu 2013). In addition to the delivery mechanism of MVOC:s in field,
there also needs to be some form of evaluation on the “allocation of fitness costs” or
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“trade-off” in form of required energy/resources for its synthesis (Heil 2001; Heil
and Baldwin 2002). There is much work ahead in determining the characteristic of
these bioactive compounds, dosage, and specific roles on hosts (Piechulla and
Degenhardt 2014). The delivery mechanism/mode of the most potent MVOCs
would require study into best carrier or molecules that may be used to ensure stabil-
ity, safety in storage, and ease of application in the field (Song and Ryu 2013).

Although MVOCs are perfect candidates for defense and plant well-being, many
questions still remain unanswered. Therefore it isn’t sufficient to just identify the
microbes and the MVOCs, but it is essential to know the mechanism of action of
these volatiles and to know what would be the best method of application of these
chemicals in the field. Following are some questions that require answering and
elucidation before MVOCs translate into agents of plant defense in sustainable
agriculture.

How are these MVOCs perceived by plant or other microbes?

What are the benefits derived from these perceptions?

How will the perception of MVOCs benefit the plants?

What are the pathways involved in the perception of these MOVCs?

Are there multiple pathways involved in each host perception of MVOCs?

Are there distinct classes of MVOCs that are responsible for plant defense and

plant growth?

7. Are the plants able to distinguish between MVOCs emitted by the beneficial
microbes and that of pathogens or pests?

8. What makes the effect of MVOCsS on host specific?

9. What is the scope of utilization for MVOCs?

N AE L=
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